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but in rising every time we fall” 
Confucius 
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Abstract 
Football is widely regarded as the most popular sport in the world involving over 270 million 
people from different countries and cultures. It can be argued that the football is one of most 
important aspects of the game and hence the flight of the ball, if unexpected, can alter the 
outcome of the game. This thesis provides an engineering perspective and contribution to the 
continued understanding and improvement of the in-flight performance of FIFA approved 
footballs. 
Skilful players will impart spin onto a ball to induce a curve in-flight to try and deceive 
opponents. This flight is generally smooth, although subtle variations in the orientation and spin 
rate may cause conditions that affect the path and final ball position, in a manner considered to be 
unpredictable due to aerodynamic effects. Ball designs and manufacturing techniques are 
evolving and certain seam configurations are known to induce asymmetric pressure distributions 
resulting in lateral movement during flight.  
Aerodynamic research of sport balls has primarily focused on drag and the effects of high spin 
rates. Studies have shown the introduction of surface roughness affects the boundary layer state 
compared to a smooth sphere. Surface roughness on a football takes many forms including seam 
configurations and micro surface textures. The influence of changing the density, distribution and 
dimensions of the surface roughness with respect to the aerodynamic behaviour has been 
researched. The principle focus of this thesis is concerned with the influence on the lateral 
component as a result of applying surface roughness to the outer surfaces. 
The influence of the surface roughness on the drag and lateral components were determined using 
established wind tunnel techniques. Real balls and full size prototypes were tested. A 
mathematical flight model was employed to simulate realistic multiple flight trajectories based on 
empirical aerodynamic data. Mathematical and statistical techniques, including R.M.S and Auto-
Correlation Functions were used to analyse the data. The results from this research showed how 
small variations in surface texture affected the complex nature of the lateral forces. Trajectories 
varied significantly depending on initial orientation and slow spin rate sensitivities. In conclusion, 
ball characterisation techniques were developed that identified lateral deviation and shape 
measures and considered a gradient profiling approach. Application of these novel parameters 
through multiple trajectory analysis allowed for an in-flight performance measure of footballs 
designs. 
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1.0 Chapter 1 - Introduction 
1.1. Introduction 
Football is widely regarded as the most popular sport in the world, in terms of the 
games watched, played and the revenue generated. The Fédération Internationale de 
Football Association (FIFA) claim that worldwide there are over 270 million people 
involved in playing football, with over 300,000 clubs resulting in approximately 1.7 
million teams, (FIFA). The game has many rules and regulations with specific 
standards that apply to the performance of the ball but fundamentally it depends on 
players‟ skill in controlling the football. This introduction describes and explains the 
general behaviour of a football, sets the game and the ball in a historical context and 
reviews research relevant to spherical bodies, sports and aerodynamics.  
The general behaviour of a football during a game can be simplified into three 
scientific areas; the dynamic response, frictional interactions and the in-flight 
performance. While the focus of this thesis is the latter, it is worth providing some 
background on all three areas. The motivation is to identify current practices and the 
state of play in terms of applied standards as performance controls. Although research 
has been carried out in the areas of dynamic and frictional performance, once the ball 
has left the boot it is in free flight and subject to the aerodynamic forces acting on it. 
The focus of the research for this thesis is on in-flight performance of footballs 
designed for world-class championship games and currently no standards exist for this 
behaviour. The challenge is to understand the forces that act on the ball under a range 
of conditions and how these are influenced by ball design. The main aim of this thesis 
is to explain the methodology and techniques employed to establish a system that 
characterises the flight path of a football. A secondary aim is to determine whether 
standards based on in-flight performance are required. This will provide additional 
guidance and aid football manufacturers, based on the design limitations, to enable a 
favourable in-flight performance. A review of relevant academic literature was 
conducted in order to ascertain the extent to which other researchers had investigated 
the phenomena of spinning spheres, particularly those applicable to sports. Through 
empirical research using free flight conditions, parameters of the flight path were 
measured and the effect of surface roughness was investigated in static wind tunnel 
                                                                                                   Chapter 1. Introduction 
 
 
2 
 
tests. The data recorded from numerous tests were processed using a mathematical 
model and conclusions inferred through statistical techniques.  
 
1.2. The General Behaviour of a Football 
Dynamic Response:  
The dynamic behaviour of a football has been of great interest to researchers and the 
principle governing body (FIFA) for many years, which has led to the setting of 
stringent standards for football performance based on dynamic properties, (Price, 2005 
& FIFA, 1996). The FIFA denomination programme is responsible for ensuring each 
ball design meets the required tolerances to achieve the prestigious quality approval 
accreditation. The functions of the dynamic standards are to: reduce player injuries 
and improve playable conditions based on rebound properties and to improve the 
homogenous behaviour of footballs to minimise uncertainty in the game due to the 
equipment. Tests that assess the dynamic performance of footballs include the 
rebound experiment and also the shape and size retention experiment. The rebound 
uses a 2m platform from which the balls are dropped at temperatures of 20
o
C and 5
o
C. 
The rebound height is measured and must lie between 115cm to 155cm depending on 
the accreditation level. This experiment is important to ensure balls conform to 
consistent bounce characteristics. The shape and size retention experiment impacts the 
ball 2000 times onto a flat plate 2.5m in length. A measure of the circumference, 
sphericity and pressure before and after the impacts are carried out. The football is 
considered acceptable if it achieves the tolerances of less than 1.5cm, 1.5% and 0.1 
bar respectively.  
Frictional Interaction:  
The interaction between the ball, the playing surface and the player in various 
conditions is an important part of the game of football. Research by Cotton (2008) 
was carried out to understand the differences in traction between wet and dry impacts 
of equivalent initial conditions. He investigated this using a series of footballs with 
varied surface texture applied to the outer surface that varied in design, density and 
dimensions. Normal and 30
o
 angled oblique impacts were carried out at approximately 
30m.s
-1
, the variations in the input angle to the output angle after impact were 
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recorded using High Speed Video (HSV). The aim of the study was to minimise the 
performance gap between wet and dry conditions and their respective impact 
conditions leading to an improved consistency independent of environmental 
conditions.  
Aerodynamic Contribution: 
During a game the football can spend a significant proportion of its time in free flight. 
In recent years, particularly during major competitions such as The World Cup, the 
flight performance of a football has been the subject of much controversy due to 
apparent deviations in the ball‟s flight path which have been labelled as unpredictable.  
The free flight behaviour of a football is determined by the initial launch and 
environmental conditions. To isolate the most important factor that contributes to 
these supposed unpredictable deviations is challenging because they may result from 
visual perception of ball design, incorrect spectator perceptions or even the increased 
media attention through slow motion replays and coverage that was not available in 
previous times. In practice under perfect conditions the flight of the ball is determined 
solely by its launch conditions, and is completely predictable, if all the forces acting 
on the ball are known. It is therefore the principle theme of this thesis to understand 
the forces that act on the ball. 
It is challenging to isolate the important factors that contribute to the forces that act on 
a football in flight. Major factors that contribute to this can be sub-divided into spin 
effects (Magnus effect), Reynolds number effects and orientation effects. To establish 
an overall realisation of the ball in-flight there is a need to consider all aspects 
discussed. This includes a further understanding of how the various seam 
configurations influence the performance. It may appear, from a player‟s point of view 
that the ball behaves with unpredictable characteristics if they cannot control the 
launch conditions. Therefore, do players have full control of the launch conditions? 
Do they have control of the orientation? A difference exists between reality and 
perception because players have a lack of knowledge of the fundamental fluid 
mechanic principles that control the flight path of the ball once it has left the boot. The 
phrase unpredictable is unhelpful when describing the flight performance of footballs. 
Some of the types of flights that are observed during game scenarios are not 
unpredictable but may appear undesirable. Therefore, it is important to identify the 
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effects that cause this undesirable behaviour and how, through innovation, they can be 
minimised or encouraged depending on the requirements of those involved. Without 
further knowledge and through a lack of regulations regarding seam and panel 
configurations it could be possible to produce a ball that becomes so predictable that it 
is undesirable.  
1.3. The Evolution of Football 
There are many conflicting views on the origins of Football; however, the earliest 
evidence of the game was from a military exercise manual dating back to the 2
nd
 and 
3
rd
 centuries BC, in China, in the „Han Dynasty‟ (Football Network, 2003). While 
clearly not football in a form we would now recognise, the game was called „Tsu 
Chu‟, and involved kicking a leather ball filled with feathers through a designated 
hole. The Roman version, „Harpastum‟ was introduced around the time when the 
Romans invaded Greece in 146 BC. The Romans continued to introduce „Harpastum‟ 
to most European countries including England. The Roman version played had the 
greatest resemblance to the modern game as two teams played on a rectangular pitch. 
This form of the game survived for over 700 years (FIFA). By the 8th Century, in 
Britain, the game of football had developed further with many regional variations, 
even between neighbouring towns and villages, where rules varied and sometimes 
were not employed during a game. Games were violent and disorganised with no 
designated playing area, time limit or restriction on player team size, (Football 
Network, 2003). 
The contemporary version of football dates back more than 100 years, where public 
schools such as Rugby, Eton and Harrow adopted the game from 1750-1840 and 
played against each other, hence realising the need for standard rules. In the year of 
1863 Rugby Football and Association Football parted company and on the 26th 
October of that year, 11 London clubs met and produced the first formalised rules of 
football, creating the Football Association (FA). The need for structured tournaments 
grew leading to the introduction of the football league in 1888 and the famous English 
FA Cup competition in 1871. 
The world governing body of football, FIFA was founded in May 1904 with 7 founder 
members, all from Europe. By 1930, when the first World Cup was played, there were 
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41 members.  The growth steadily continued with an increase in popularity and 
participation over the years until by 2000 at a FIFA congress the number of official 
members had risen to 204. FIFA are responsible worldwide for rule changes, injury 
prevention and equipment legislation such as the „Denomination Programme‟ (1996) 
to continue the success of the game for the players and the spectators alike.   
1.3.1. Traditional Footballs 
The balls used today are very different to the ball used at the conception of the modern 
game of football in the late 19
th
 century when Charles Goodyear patented vulcanized 
rubber and shortly after this designed and built the first vulcanized rubber footballs in 
1855, this construction resembles the internal structure of balls used today (Figure 1-
1). In 1863 the English Football Association was formed and decided to harmonise 
football manufacturing based on the balls spherical measurement and circumference. 
The weight of the ball was set to 14-16oz with a circumference of no more than 28in. 
It was a further 120 years before a formalised standard was established by the 
governing body FIFA where on January 1
st 
1996 saw the introduction of the 
Denominations Programme that defines a rigorous testing procedure that ball 
manufacturers have to comply with for international distribution. 
Although FIFA have introduced additional quality measuring parameters, the weight 
and circumference specifications initially written in 1937 remain unchanged. Leather 
was the material chosen for the outer surface due to availability, and as this is 
inherently a porous material, unless treated, water absorption was inevitable.  This 
affected the dynamic kicking properties and the mass of the ball but also influences 
the flight properties of the ball. By 1970 however, footballs were being made from 
synthetic leather to reduce the water absorption during the game, prevent injury and 
improve their consistency. This new material led to a new design called the 
„Buckminster Ball‟ after Richard Buckminster, an American architect who invented 
the 32 panel ball using a truncated Icosahedron design (20 hexagons and 12 
pentagons) as a way of minimising material usage and improving the sphericity of the 
ball. The inspiration behind the design was based on the strong and stable carbon 
atom, C-60 (buckminsterfullerene). (SoccerBallWorld, 2005), Figure 1-1. 
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                             (a)                                                  (b) 
 
Figure 1-1: Charles Goodyear, Vulcanised Bladder (a) & The Buckminster ball (1986) (b). 
 
The 1986 Mexico World Cup saw the first completely synthetic ball (Neilson, 2003) 
in the form of a polyurethane outer layer, which had a better coefficient of restitution 
(COR), a property allowing for more responsive heading and kicking of the ball and 
also a resistance to wear abrasion and still exceeded the quality standards. 
1.3.2. Modern Football Manufacturing 
Over the last six years there have been many revolutionary ball designs with 
manufacturers pushing for a performance edge and unique selling point. Nike 
designed the double-hexagon panel shape in 2005 (Total 90), to improve the ball‟s 
sphericity and introduced micro-riblets; a micro surface texture application to the 
outer surface for drag reducing effects. The Puma V1-06 used dimple technology on 
the outer surface similar to a golf ball design to influence the drag properties. Mitre 
created a 26 panel design with deep seams with the motivation of manufacturing the 
“world‟s fastest ball” (SoccerBallWorld, n.d). In 2006 adidas launched a revolutionary 
ball design, the „Teamgeist‟ for the FIFA 2006 World Cup tournament. This consisted 
of 14 outer panels thermally bonded arrangement to improve the sphericity of the ball 
(SoccerBallWorld, n.d). Typically much of these features are based on marketing 
factors with little to no academic research carried out to establish levels of detail. The 
application of larger seams and surface texture to reduce drag is based on a flawed 
rationale, that players and spectators want a faster ball. A measure of whether these 
technologies work is required by the games governing body. Figure 1-2 illustrates a 
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typical construction of a modern football that uses thermal bonding technology in 
place of traditional stitching methods.  
 
 
Figure 1-2:  Football construction of the 2008 adidas Football (Europass). 
 
The bladder is made from a natural rubber latex and thermoplastic polyurethane 
(TPU) and incorporates a valve, which allows for a pressurised cavity. The carcass 
encompasses the bladder and consists of 12 woven fabric panels with tailored warp 
and weft characteristics stitched together into a dodecahedron configuration. The 
carcass provides a large proportion of the structural stability offering the required 
dynamic properties when assembled with the other ball components. The outer panels 
are thermally bonded to the carcass and consist of two components. An ethylene-
propylene-diene-monometer (EPDM) foam approximately 3mm thick provides visco-
elastic properties to better achieve the required dynamic behaviour. Finally a 
thermoplastic polyurethane (TPU) skin layer and transparent polyurethane (PU) film 
provide water-proofing and durability properties. This also provides a high quality 
finish suitable for applying the graphical designs to the football and to allow for the 
application of a surface texture if desired. An advantage of this modern manufacturing 
method is the flexibility the ball manufacturers have with novel seam configurations 
to tailor the design of a football for improved dynamic, friction and aerodynamic 
properties. 
 
1.4. Classical Flow Behaviour of Non Spinning Spheres 
Traditionally any aerodynamic assessment of footballs has been focused on 
understanding the drag component of the ball. It appears that the reason behind this is 
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largely due to the ease of measurements and also that spheres in general have a unique 
drag profile through a range of tested Reynolds numbers, rather than any 
demonstration that this is the most important characteristic to use for assessing in-
flight performance of football designs.  
In an ideal flow field, Figure 1-3 the flow mechanics of a sphere consist of the onset 
flow reaching the front stagnation point and accelerating around the curvature of the 
sphere. The forces that are generated on any object are an integral of the pressure 
forces and the wall shear stress, i.e. the skin friction. In an ideal flow there is no skin 
friction, all the forces that act on the sphere are symmetrical and match up, as a 
consequent a rear stagnation point is formed, therefore the integral of the pressure 
distribution is equal to zero. For a viscous fluid as the flow tends towards the 
maximum thickness there is an adverse pressure gradient and the flow separates, due 
to the boundary layer resulting in no rear stagnation point. The point of separation is 
dependent on the state of the boundary layer. The pressure distribution of the viscous 
flow is not symmetrical and the integral is not equal to zero which results in a force, 
Figure 1-3. 
 
Figure 1-3: Pressure distribution of a sphere in an ideal and real flowfield (Massey, 1998) 
The forces generated on a football are a sum of the skin friction and pressure forces. 
Within the boundary layer the wall shear stress corresponds to the skin friction. When 
the flow separates the wall shear stress and consequently the skin friction becomes 
zero, therefore the pressure forces become dominant. If the football was not 
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symmetrical due to surface features the pressure distribution could become non zero 
about other axes so this could generate a lateral force as well as a drag force.  
At lower Reynolds numbers the boundary layer does not transition to turbulent before 
the point of maximum thickness so the flow separates at this point producing a large 
wake and high drag. At higher Reynolds numbers transition occurs before this 
separation and the additional energy within the boundary layer means that separation 
is delayed past the point of maximum thickness and the wake is reduced, pressure 
recovered and the drag is reduced. 
In the early 1970‟s Achenbach (1972) carried out three separate but equally important 
research topics: a determination of the changing flow regimes with Reynolds number, 
the effects of surface roughness and the vortex shedding patterns of spheres. His work 
is widely regarded as providing the benchmark data for aerodynamic investigations on 
non-rotating spheres. In 1972 Achenbach (1972) investigated and reported on the flow 
past smooth spheres in the Reynolds range of Re = 5.0x10
4
 to Re = 6.0x10
6
. Strain 
gauges and pressure tapings were used to measure the drag coefficient and pressure 
distribution on the surface of the sphere respectively. The aerodynamic response of a 
sphere is determined by the behaviour and state of the boundary layer, which can be 
described as the layer of fluid in the immediate vicinity of a bounding surface in 
which viscous effects take place (Prandtl, 1904). With increasing distance from the 
solid surface the velocity of the fluid approaches that of the main stream 
asymptotically. The thickness of the boundary layer can be calculated when the 
velocity reaches 99% of the free stream velocity (Massey, 1998).  
Achenbach (1972) identified four regimes for increasing Reynolds number Re, 
relative to the spheres coefficient of drag CD, Figure 1-3. Reynolds number is the ratio 
of inertial forces (      ) to viscous forces (      ) where ρ is the density of the 
medium (kg.m
-3
), V the velocity of the object (m.s
-1
), L the characteristics length (m) 
and μ the dynamic viscosity (kg.m-1.s-1). Achenbach calculated his Reynolds numbers 
based on a 200mm diameter sphere. A standard football is generally between 215mm 
and 220mm in diameter. To compare the differences between two or more bodies 
dependant on their sizes and shapes, non-dimensional coefficients are used for 
calculating the components; Drag CD, Lift CL and lateral CY Equation1-1.   
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Equation 1-1: Non-dimensional coefficient equations. 
 
The density and free stream velocity are represented by ρ and V, and the cross 
sectional area by A. For a football of 219mm diameter the magnitude of A equates to 
approximately 0.0372m
2
. 
 
 
Figure 1-4:  Flow regimes of a smooth sphere for change in Reynolds number (Passmore et al., 2008). 
 
In his 1972 paper Achenbach (1972) described the four classical flow regimes for a 
sphere through a range of Reynolds number (5.0x10
4
 < Re < 6.0x10
6
), but the 
labelling of his graph showing Critical Reynolds Number appeared to be inconsistent 
with classical flow behaviour. He had transposed the trans-critical and super-critical 
regions but for this thesis the order adopted is as described in Figure 1-4 above which 
is consistent with classical flow behaviour. Supersonic behaviour generally applies to 
the highest Reynolds numbers and this was also identified by Passmore et al., (2008). 
For the purpose of this thesis the four flow regimes are in the order as depicted by 
Figure 1-4. 
 
 
 
Re
C
D
Subcritical Transcritical Supercritical 
 
 
Critical Reynolds Number 
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Sub-Critical 
In this regime CD is approximately independent of Reynolds number remaining at 
approximately 0.5 for a smooth sphere. Here the boundary layer is in a laminar state, 
with the fluid essentially travelling in parallel layers. During one of Achenbach‟s 
experiments the laminar boundary layer separation occurred at approximately 82
o
 
from the stagnation point at a Reynolds number of 1.62x10
5
. For angles greater than 
the separation angle a negative skin friction was apparent, indicating a recirculation of 
the flow. This does not hold true for very low Reynolds numbers (Re < 0.5) however, 
these are not relevant to this thesis.  
Critical 
As the Reynolds number increases the thickness of the boundary layer gradually 
increases because the fluid slows down causing a build up in the laminar layer 
resulting from the viscous effect which makes the layer unstable and disturbs the fluid 
elements. The initiation of the laminar-turbulent transition is generated by flow 
irregularities as a result of shape, surface roughness and Reynolds number sensitivity. 
A turbulent boundary layer has a chaotic manner with more energy than in the laminar 
layer. This is because it mixes with the more rapidly moving flow outside the 
boundary layer, hence having a steeper velocity gradient close to the body‟s surface. 
This means the turbulent layer will exert a larger skin friction drag than that of a 
laminar layer. This encourages the separation point to move further downstream from 
80
o
 to approximately 120
o
 directly affecting the wake of the sphere reducing the 
overall size of it and hence, reducing the drag component to approximately 0.07. This 
occurs at approximately Re = 4.0x10
5
 depending on other factors such as surface 
roughness or tripping mechanisms.   
The mechanics of boundary layer behaviour over a curved surface is well established 
and relevant for spheres and footballs. Figure1-5 illustrates the key features that occur 
with the flow acting from left to right, the flow is accelerated from the 1
st
 (A) to the 3
rd
 
(C) velocity profile, where the velocity is at its maximum and hence the pressure is at 
the minimum. A negative pressure gradient over this range occurs and the resultant 
force on the elements in the boundary layer is in the forwards direction is known as a 
favourable pressure gradient. As the fluid continues passing the 3
rd
 (C) velocity profile 
to the 4
th
 (D) the pressure force opposes the fluid flow where the pressure gradient is 
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equal to zero bringing the fluid to a standstill. At the 5
th
 (E) velocity profile position, 
close to the surface of the object the flow has reversed with the fluid no longer able to 
follow the contour of the objects curved surface breaking away from it commonly 
known as the separation point. The separation occurs because of reduction in velocity 
of the elements close to the surface in the boundary layer combined with a positive 
pressure gradient known as an adverse pressure gradient. An adverse pressure gradient 
is where the positive pressure gradient is present since it opposes the flow direction. 
Separation can only occur when an adverse pressure gradient is present. 
 
 
Figure1-5: Mechanism of boundary layer state over a curved surface post critical regime (Massey,1998). 
 
The point at which the laminar boundary layer becomes unstable and transitions to a 
turbulent boundary layer is dependent on a number of factors including, Reynolds 
number, shape and roughness of the surface. The work carried out by Achenbach 
(1972) and Raithby and Eckert (1968) looking at the location of where boundary layer 
separation occurred relative to the front stagnation point for smooth spheres with 
increasing Reynolds number is illustrated in Figure1-6. It is clear from the graph that 
when the Reynolds number exceeds 2.0x10
5
 there is a sudden shift in separation angle 
relative to the stagnation point from approximately 82
o
 to 120
o 
over a small increase in 
Reynolds number with the formation of a separation bubble. 
Trans-Critical 
The trans-critical regime occurs after the point at which the critical regime ceases and 
is defined as that for which CD is a minimum. For a smooth sphere this occurs up to a 
Reynolds number of 1.5x10
6
 where transition is fixed further downstream than the 
largest cross-section at approximately 95
o. It was concluded through Achenbach‟s 
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(1972) work that laminar to turbulent transition occurs immediately without formation 
of a separation bubble. A further increase in Reynolds number introduces a thickening 
of the boundary layer, which increases the skin friction contribution of the total drag 
component slightly raising the CD. The position of the boundary layer transition 
occurs further upstream towards the stagnation point on the surface of the sphere. 
Super-Critical 
The final regime, the super-critical regime occurs with a further increase in Reynolds 
number < 1.5x10
6 
the boundary layer transitions from laminar to turbulent at 
approximately 55
o
 to the front stagnation point and the CD flattens (Achenbach, 1972). 
The shift in boundary layer transitions from laminar to turbulent occurs in the front 
part of the sphere closer to the front stagnation point with an increase in Reynolds 
number is shown in Figure1-6. The Laminar-turbulent transition angle vs. Reynolds 
numbers shows that as the Reynolds number is increased the point at which the 
transition occurs happens further upstream moving closer to the front stagnation point.  
 
 
Figure1-6: Boundary layer separation angle & transition Angle ( at the front stagnation point and at the 
rear stagnation point (Achenbach 1972). 
 
1.4.1. Wake Formations 
For the purpose of aerodynamic classification the shape of an object can be 
categorised as a bluff body or streamline, where spheres and footballs are regarded as 
a bluff bodies. A streamline shape is one where separation is entirely avoided or 
occurs at the extreme rear of the body, which means the wake is consequently small, 
producing a low drag coefficient. The normal pressure drag is small so it is the skin-
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friction that contributes to the majority of the drag. In contrast, a bluff body causes a 
substantial flow separation, producing a large wake. This means the normal pressure 
drag is the larger component in the overall drag coefficient; hence, the skin friction is 
less important. Achenbach (1972) found that the maximum friction drag for a sphere, 
due to wall shear stress, to be 12.5% of the pressure drag.  
This section investigates the progressive wake configurations of smooth spheres as 
Reynolds number increases. For Reynolds numbers of approximately Re = 24, flow 
separation occurs and produces a stable wake resulting in symmetric vortex rings 
behind the sphere. This region continues to grow and becomes increasingly elongated 
with increasing Reynolds numbers Kim et al., (1988) and Taneda (1956). In the 
Reynolds number range of about Re = 130 to Re = 300, the wake is initially 
represented as an unbroken wavelike wake which becomes unsteady as the vortex ring 
begins to oscillate, Figure1-7.  
 
 
 
Figure1-7: Wake Configuration for a sphere 130 < Re < 300, Sakamoto and Haniu (1990). 
 
Sakamoto and Haniu (1990), suggested that with a further increase of the Reynolds 
number above Re = 300 the hairpin-shaped vortices begin to be periodically shed from 
the sphere, forming from a laminar wake, Figure1-8. 
 
 
Figure1-8: Wake Configuration for 300 < Re < 420, Sakamoto and Haniu (1990). 
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In the range of about Re = 420 and Re = 800, the vortex loops shed increasingly 
irregularly with the shedding direction oscillating intermittently from left to right, 
Figure1-9. 
 
 
Figure1-9: Wake Configuration for 420 < Re < 800, Sakamoto and Haniu (1990). 
 
Fluctuations in the hairpin-shaped vortices occur as a result of then changing from 
laminar to turbulent when the Reynolds number exceeds 800. This pattern continues 
until Re = 3.7x10
5
 known as the upper critical Reynolds number for smooth spheres, 
Figure1-10.  
 
 
Figure1-10: Wake Configuration for 800 < Re < 3.7x105, Sakamoto and Haniu (1990). 
 
As the Reynolds number exceeds 3.8x10
5
 the wake rotates about a stream-wise axis, 
the vortex shedding is not periodic and takes the form of a horse-shoe shape. Figure 
1-11 shows the sketch of the vortex sheets separating from the rear of the sphere in the 
Reynolds number range of 3.8x10
5 
< Re < 1.0x10
6
. The vortex sheet rolls up to form 
streamwise vortices. As the Reynolds number increases from 3.8x10
5
 to 5.0x10
5
 the 
wake begins to rotate irregularly. In the Reynolds range 5.0x10
5 
< Re < 1.0x10
6
 the 
wake continues to rotate more vigorously from clockwise to counter-clockwise 
randomly, Taneda (1978), Figure 1-11. 
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Figure 1-11: Horse shoe oscillating wake behind a sphere, 5.0x105 < Re < 1.0x106 , Taneda (1978). 
 
Other scientists have investigated the configuration of the wake behind a sphere at 
varying Reynolds numbers using different analysis methods. Kim and Durbin (1988) 
used an audio recording method in the wind tunnel to investigate the wake frequencies 
of the sphere in the Reynolds number range 500 < Re < 6.0x10
4
. A hotwire technique 
and dye injection method was used in wind tunnel and a water tunnel tests 
respectively by Sakomoto and Haniu (1990) in the Reynolds number range 300 < Re < 
4.0x10
4
 to record and visualise any vortex shedding from a sphere. Howe et al., (2001) 
conducted experiments using a towing tank to investigate the aerodynamic lift and 
drag fluctuations and vortex shedding of spheres for high Reynolds numbers. The 
sphere was fixed by flexible nylons lines and dragged through the water filled tank to 
generate the desired Reynolds number. Unsteady effects can occur in steady flows 
where the non-dimensional Strouhal number is used to describe the oscillating flow 
behaviour. A Strouhal number of 0.19 was recorded for a non-spinning sphere vortex 
shedding at Reynolds number 4.0x10
5
.  
 
    
   
 
 
Equation1-2: Strouhal number relationship 
 
In Equation1-2 the characteristic length is the diameter of the sphere, L (m), the vortex 
shedding frequency is f (Hz), and the free stream velocity is U (m.s
-1
). A standard 
football of approximately 219mm in diameter travelling at 30m.s
-1
 equating to a 
Reynolds number of 3.8x10
5
 and a Strouhal number of 0.19 would therefore produce a 
shedding frequency of 27Hz. Any potential fluctuating forces that might arise due to 
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the shedding would be difficult to measure as the frequency response of the large 
aerodynamic balance used is inadequate to accurately capture the data. 
The structure of the vortices was described as successive vortex rings connected 
together by oppositely rotating line vortices offset from the stream-wise axis relative 
to the centre of the sphere. It is suggested that this rotation and erratic shedding of the 
wake leads to a lateral force component that varies in strength depending on the 
Reynolds number range. This is of importance because reviewed literature sources 
have focused specifically on the drag component with less consideration regarding the 
lateral component, which is of significance to this thesis. The research outlined here is 
based on a smooth sphere, whereas footballs inherently have seams and surface 
features that act as roughness elements. The influence of roughness on the 
aerodynamic performance of spheres and footballs is explained in more detail in 
Chapter 6.  
1.4.2. Influence of Surface Roughness  
Achenbach (1974) investigated the effects of surface roughness using 5 spheres with 
increasing roughness defined as kh/ds where kh was the roughness height and ds the 
sphere diameter. The roughness was generated by applying a series of glass beads to 
the surface of varying dimensions producing the differences in the kh value for each 
prototype. He reported that the critical Reynolds number decreases with an increase in 
roughness, resulting in a larger minimum drag value and higher trans-critical drag 
coefficient.   
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Figure1-12: CD vs. Re for spheres of varying relative roughness magnitudes, (Achenbach 1974). 
 
Achenbach increased the surface roughness of the various spheres from 25x10
-5
 (x), 
150x10
-5
 (▼), 250x10-5 (○), 500x10-5 (▲) and 1250x10-5 (□) in his experiments, with 
the smooth sphere denoted by the solid black line. The critical Reynolds number 
occurred at lower Reynolds numbers with an increase in relative roughness. This 
implied that the onset of turbulent transition would occur at lower Reynolds numbers. 
It did however, reduce the minimum drag value possible and produce high overall 
values of drag in the trans and super–critical regimes. Increasing the surface 
roughness was shown to promote transition according to Achenbach (1974), 
Figure1-12, which was applied in this thesis to surface roughness of footballs based on 
various seam designs. 
The following studies look at the flow behaviour of dimples on the outer surface of 
spheres explaining the mechanisms of the boundary layer due to an increase in surface 
roughness. A subjective study by Bearman and Harvey (1976) suggested that dimples 
generate discrete vortices energising the boundary layer flow. Choi et al., (2006) 
developed this theory further using flow fluid measurements including Hot-wire 
probes to capture the essence of the boundary layer over a surface roughness. They 
found that dimples caused local flow separation that triggers the shear layer instability 
along the separating shear layer, resulting in the generation of large turbulence 
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intensity. With this increased turbulence, the flow reattaches to the sphere surface with 
high momentum near the wall and overcomes a strong adverse pressure gradient 
formed in the rear sphere surface. This resulted in a premature transition significantly 
reducing the drag experienced by the sphere.  
For aerodynamic applications, the introduction of roughness elements can present in 
many forms, e.g. the uniform surface texture such as the glass beads used by 
Achenbach (1974), to an individual surface feature such as a trip wire arrangement 
used by Maxworthy (1969) in his investigative work on the flow behaviour around a 
sphere at high Reynolds numbers. Maxworthy identified that the natural transition 
from laminar to turbulent flows for a smooth sphere occurs at approximately 55
o
 from 
the front stagnation point at a Reynolds number 6x10
6
, which corresponds to a drag 
coefficient of CD = 0.19. Maxworthy (1969) positioned a boundary layer trip wire, 
located at the transition angle of 55
o
 for the same Reynolds number and observed a 
drag coefficient in the trans-critical regime of CD = 0.23. He concluded that the energy 
distribution in the boundary layer was different between the two configurations, 
although the transition position relative to the front stagnation point remained 
constant. This was an important discovery that can be applied to the study of football 
aerodynamics because footballs possess a series of seams that although traditionally 
recessed may act as boundary layer trip arrangements. This is explained in greater 
detail in Chapter 5 and the theory applied in this thesis. 
 
1.5. Aerodynamic Assessment of Sports Balls 
The influence of aerodynamic effects is evident across a range of various sports. This 
is experienced through significant deviation by a match ball during flight caused by 
significant aerodynamic forces. 
Golf, baseball, cricket, tennis and football are the sports that are most obviously 
affected by these aerodynamic forces with the most important findings discussed in 
this section. The study of aerodynamic performance for sports balls can be traced back 
as far as Isaac Newton (1672) who during a tennis match commented on the deviation 
of the tennis ball from its intended path. 
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"I remembered that I had often seen a tennis ball describe such a curveline. For, a circular 
as well as a progressive motion being communicated to it by that stroke, its part on that 
side, where the motions conspire, must press and beat the contiguous air more violently than 
on the other, and there excite a reluctancy and reaction of the air proportionally greater."  
Sir Isaac Newton (1642 - 1727)  
Inspired by the initial observations noted by Newton, Lord Rayleigh (1877) continued 
the research into aerodynamic behaviour of tennis balls during flight. Lord Rayleigh 
attributed the irregular flight of a tennis ball to the spin imparted on the ball from a 
„cut‟ or „sliced‟ shot, commenting that a rapidly rotating ball moving through the air 
would often deviate considerably from the vertical plane. Furthermore, Lord Rayleigh 
credited the first „true explanation‟ of the side force that is experienced by a rotating 
cylinder to Magnus (1852). 
The application of roughness to sports balls is not uncommon and is used to assist the 
balls in-flight performance to achieve expected outcomes of that particular sport. The 
influence of surface roughness on the aerodynamic contributions include popular 
sports such as; Golf, Tennis, Cricket, Baseball and Football. Dimple technology is 
used in golf and for tennis the surface „nap‟ acts as individual roughness elements. 
Cricket and baseball balls are unique where the presence of larger protruding seams 
manipulates the boundary layer transition and separation to alter the drag and lateral 
force components. Footballs have been manufactured where combinations of different 
surface textures such as seams and dimples create boundary layer trip arrangements. 
Passmore et al., (2008) identified that footballs have a unique drag response, which is 
located between that of a smooth sphere and rough sphere. The exact position is 
thought to be dependent on the seam configuration and hence the quantity, distribution 
and dimensions of the roughness elements.  
An important observation is required based on the application of roughness to sport 
balls. The dimple technology applied to golf balls is based on two aerodynamic 
principles. Firstly to generate more lift and secondly to encourage premature boundary 
layer transition delaying separation which results in a lower average drag for game 
relevant conditions. Both of these features allow golf balls to travel further, however 
the surface features in tennis, cricket, baseball and football were not initially applied 
for aerodynamic purposes, they are a happy accident of the manufacturing processes 
and without which the games would not be as we know them now. It is therefore 
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suggested that significant manipulation of these features requires further 
understanding on how this might affect the in-flight performance of these balls. 
Football designs are so unregulated in terms of constructions, changing these 
significantly without knowledge of the flight performance might impinge on the game 
that is known today.  
1.5.1. Reynolds Number Sensitivity 
Researchers have investigated the aerodynamic differences in drag coefficient due to 
the various dimple designs. Beasley and Camp, (2002) identified that dimple depth 
was more significant at altering the drag force coefficients recorded than dimple 
diameter. A comprehensive study of the dimensions and number of dimples and their 
effects the drag component at spin ratios 0.05 to 0.52 and Reynolds number 3.0x10
4
 < 
Re <  1.3x10
5
 was conducted by Aoki and Nonaka (2003). They concluded that 
increasing the number of dimples from 104 to 504 reduced the critical Reynolds 
number, and increased the minimum drag coefficient, where the deeper dimples 
decreased the critical Reynolds number. Importantly they identified that relative 
roughness was insufficient at characterising the surface roughness elements.  
In a series of tests carried out by Chadwick and Haake (2000a) researching the drag 
on non-spinning new and used tennis balls by means of a wind tunnel and force 
balance equipment they found that in the Reynolds number range 2.0x10
5
 < Re < 
2.7x10
5
 the drag was consistent at 0.53. They suggested that this was due to the ball 
remaining in the sub-critical regime with the boundary layer separation occurring 
always at approximately 80
o
 from the stagnation point. The influence of the nap of the 
tennis ball drag is very much dependant on the Reynolds number affecting the drag by 
as much as 6%. The nap lay flat for non-spinning balls at Reynolds numbers larger 
than 1.5x10
5
 reducing the skin friction component of the total drag. Goodwill, et al., 
(2004) investigated the effect of the felt, „nap‟ on the surface of the tennis ball. They 
found that the drag coefficient would reduce at high Reynolds numbers because the 
nap would lie flat. However, in the trans-critical regime the drag increased. This was 
explained as the nap fibres acted as a series of bent cylinders like filaments. The effect 
of the fibres lying flat increased the thickening of the turbulent boundary layer, 
moving the separation further up stream, hence reducing the drag. The paper 
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concluded that the extra drag due to the felt interaction contributed to 30% of the total 
drag. 
Spaminato et al., (2004) conducted non-spinning wind tunnel tests on full scale 
production footballs and smooth spheres, replicating maximum velocities based on the 
limitations of professional players. For Reynolds number sensitivity measurements, 
the critical drag occurred at approximately 2.0x10
5
 for footballs and 4.0x10
5
 for the 
smooth sphere. The drag coefficient fell from approximately 0.55 to 0.33, rising to 
approximately 0.35 in the trans-critical regime. These high values suggested that there 
was significant mounting support interference in this set-up. The values are not 
surprising because Maxworthy (1969) had shown the mounting support interference 
increased the drag coefficient while fixing the angle of transition relative to the front 
stagnation point.  
Seo et al., (2004) conducted a series of oil flow visualisation experiments on non-
spinning 32 panel balls using a wind tunnel arrangement to try and identify separation 
of the boundary layer based on the ball‟s panel configuration. They identified areas of 
local separation and re-attachment occurring on various panels and a shift in 
separation location which was highly dependent on the resultant Reynolds number 
range. A unique and innovative technique was used by Asai et al., (2005) to visualise 
the wake behaviour of a low spinning footballs kicked by players in a controlled 
environment. The ball was coated in a titanium tetrachloride powder and using high-
speed video cameras the flight trajectories were recorded. The purpose of this method 
was to visualise the differences in wake size pre and post transition Reynolds 
numbers, to identify when transition occurred indicated by a reduction in wake size. 
This method however, was inherently inconsistent and extremely subjective failing to 
produce any quantitative research data that could be used to compare the in-flight 
performance of footballs.  
Carré et al., (2005) used three different spheres, a 32 panel arrangement 1/3 scale 
model football with exaggerated seams, a mini football and a smooth sphere, 
measuring the drag in order to investigate effects of the seams on the in-flight 
properties of non-spinning footballs (Figure1-13). They concluded that the effect of 
the exaggerated seams increased the potential of tripping the boundary layer, stating 
that these were not as efficient as the dimples on golf balls. They concluded that the 
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thickening of the boundary layer occurred more in the super and trans-critical regimes. 
Figure1-13 shows that, for drag versus Reynolds number, the result for the scale 
model football‟s behaviour is positioned between that of the smooth sphere and the 
golf ball. This is as expected because golf balls appear to have an even distribution of 
roughness elements in the form of dimples while footballs are less rough and 
generally consist of dominant smooth panels with sporadic roughness elements in the 
form of seams.   
 
Figure1-13:  CD vs Reynolds number for a sphere, golf ball and a range of scale footballs (Carré et al., 2005) 
 
Figure1-13 illustrates the Reynolds number sensitivities of the various balls described 
above. The aerodynamic performance of footballs was investigated by Passmore et al., 
(2008). They measured the drag coefficient by means of wind tunnel experiments for 
five non-spinning footballs and a smooth sphere of equivalent diameters. Each 
football variant varied in seam configurations and surface texture patterns. 
Measurements were taken over a Reynolds number range 1.0x10
5
 < Re < 7.0x10
5
. Due 
to the mounting method the drag coefficients measured were higher than published 
data producing a drag coefficient for a 32 panel football of 0.41 at Reynolds number 
2.0x10
5
 in contrast to 0.21 for an equivalent Reynolds number and football design 
shown by Carré et al., (2002). The primary cause of this difference was generated due 
to use of a below mounting method which was chosen over behind mount techniques 
for additional measurements of orientation and spin rate sensitivities. Another cause of 
                                                                                                   Chapter 1. Introduction 
 
 
24 
 
the difference was the surface finish of the two prototypes of comparison. Achenbach 
(1972) used polished aluminium prototypes, where Passmore et al., (2008) chose a 
modelling resin based material. 
1.5.2. Orientation Sensitivity 
The previous section showed that surface features influence the drag performance of 
spherical objects. This section focuses on how these surface features influence the 
lateral performance. Through the initial part of the 20
th
 Century baseball was growing 
in popularity which sparked academic interest of why baseballs were moving in an 
erratic manner. Sikorsky and Lightfoot (1949) were the first to use wind tunnel 
apparatus to conduct experiments on the flow around a spinning baseball. The lift 
force of slow rotating balls was measured and a connection between the seam 
orientation and forces on the ball was made. Watts and Sawyer (1974) conducted wind 
tunnel experiments on baseballs taking measurements of lateral and drag forces with 
the ball‟s seam in various orientations relative to the upstream flow, Figure1-14. They 
explained the nature of the „knuckleball‟, which possessed little or no spin and that it 
appeared to produce an erratic motion during flight. This research identified a trend 
between the point of the boundary layer separation, which occurred at approximately 
110
o
 for tunnel velocity of 50m.s
-1
 and large fluctuating forces. The conclusion was 
that at low spin rates the oscillating lateral forces were a consequence of the boundary 
layer separation periodically shifting from the front face of the seam in contrast to the 
rear face of the seam, suggesting the seam acted as a boundary layer trip wire. 
 
 
Figure1-14:  Lateral force fluctuations with respect to orientation changes for a baseball (Watts and Sawyer, 1974). 
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A comprehensive study reviewing the physics of baseballs was conducted by Adair 
(2002). He reported that the forces acting on the ball are dependent on the orientation 
of the seam, concluding that in theory a double-curve knuckleball pitch is possible. 
Using a similar experimental set up as Davies (1949) for golf ball aerodynamic 
measurements, Barton (1982) carried out wind tunnel tests on new and used cricket 
balls at different velocities with the main seam at different orientations relative to the 
upstream. The lateral deflection was recorded using photography and he concluded 
that the lateral force increased with the flow velocity up to 30m.s
-1
. Interestingly for 
used balls with asymmetrical abrasions on the surface of it and with the seam angle at 
0
o
 a side force was produced. Bentley et al (1982) used a series of pressure tapings 
along the equator of cricket balls to record the side force. They found that for low 
Reynolds number the pressure distributions recorded were symmetrical. As the 
velocity increased above 25m.s
-1
 a non symmetrical pressure profile was observed 
producing an unbalance therefore, a side force was introduced.  
Sayers (2002) was the first document recording the behaviour of the reverse swing 
phenomenon and he provided an explanation as to why and when this occurs. In a 
controlled wind tunnel at 36m.s
-1
 using a scale model of a cricket ball with one side 
slightly worn on the surface experiments were conducted. In his paper he concluded 
that the reverse swing could only be present at high Reynolds numbers but a new ball 
is unable to meet these requirements. In addition to this initial work he continued his 
study into the mechanisms of reverse swing of cricket balls (Sayers et al., 2002). They 
investigated the drag and lift forces on a scaled ball altering the surface roughness 
properties to one side of the ball. Their results concluded that the reverse swing is 
dependent on the seam orientation relative to flow direction and the magnitude of the 
roughness. 
Passmore et al., (2008) identified the significance of orientation and spin rate 
sensitivities on the lateral deviation of football designs during free flight. They carried 
out a series of wind tunnel experiments of various football designs and used the data 
to simulate trajectories through a mathematical flight model, similar to the one used 
by Bray and Kerwin (2003). Passmore et al., (2008) identified that lateral forces are 
generated due to asymmetric separation of the boundary layer over the surface of the 
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ball, brought about because of the distribution of the seams and surface features 
present on the outer surface. 
 
Figure1-15: Lateral coefficient against yaw orientation for a smooth sphere (Ball1) & Football design (Ball2) at 
30m.s-1, (Passmore et al., 2008). 
Figure1-15 shows the raw wind tunnel results from Passmore et al., (2008) of a 
smooth sphere (Ball 1) and football (Ball 2) mounted from below, with measurements 
made of the lateral force coefficients experienced with a change in yaw orientation 
relative to the start position. This work illustrated the significance of including the 
orientation measurements in future simulation results to aid in characterising the 
overall flight performance of a football design. 
1.5.3. Aerodynamic Contributions of Spinning Spheres 
Imparting spin to a football is a common occurrence in the game and used to control 
the path that a ball follows. A spinning kick is an essential skill used by elite players 
to curve the ball around opponents and accurately position the end ball position where 
required. It is widely accepted that imparting spin on a spherical object results in a 
deviation perpendicular to the axis of rotation. This application is used by players with 
little to no understanding of the mechanisms responsible for controlling the forces 
acting on a spinning football; however, this topic has been widely research for over 
250 years. Benjamin Robins (1742) an English mathematician and engineer was one 
of the first pioneers of investigating the flight characteristics of spheres (Barkla, 
1971). Robins concentrated on the aerodynamic performance of spinning cannon 
balls. He speculated that the deviation of the cannon ball from its intended straight 
line path was a result of the spinning motion of the spherical shot. His experiment 
consisted of a sphere suspended from a pendulum for detecting lateral aerodynamic 
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forces of spinning spheres. In 1852 Gustav Magnus a German physicist carried out 
series of experiments to determine the cause of spinning shells deflecting to one side 
from the target during its flight. Magnus concluded that a rotating cylinder moved 
sideways when mounted perpendicular to the airflow. Maccoll (1928) was one of the 
first scientists to conduct research in the area of aerodynamics looking at spinning 
spheres in the 20
th
 century. A wind tunnel and balance arrangement was used to carry 
out a series of experimental tests measuring the side force and drag force of a spinning 
sphere over a larger Reynolds number range. A velocity gauge was used at the rear, in 
the wake region, to measure any fluctuation and vortex shedding from the sphere. He 
confirmed that the pressure difference above and below the sphere produced a lifting 
effect on it. However, at low spin rates and high Reynolds number the lift force acted 
in the opposite direction, due to turbulence in the fluid. There are clear differences and 
fundamental aerodynamic characteristics that occur depending on the condition of the 
ball during flight. A high spinning kick generates a Magnus force producing a 
predictable curved flight path. The amount of lateral deviation and curvature observed 
in the flight path is highly dependent on the orientation of the spin axis and magnitude 
of the spin rate. This effect has been well documented by many established 
researchers with many analytical models used in order to represent simulated flight 
trajectories, (Watts & Ferrer (1987); Tait (1893); Alaways (1998)). 
For a spinning ball a non-symmetric wake is produced resulting in a force generated 
acting perpendicular to the direction of travel. This imbalance occurs due to the 
pressure differential owing to a delayed separation on the surface retreating from the 
flow and a premature separation occurring on the surface advancing into the flow. The 
direction of the force is towards the region of the lowest pressure. The Magnus effect 
gives rise to a smooth trajectory when observed and commonly described as a 
predictable flight trajectory, Passmore et al., (2008). Spin ratio (SR) is a commonly 
used non-dimensional parameter to describe the relationship between angular velocity 
  (rad.s-1), ball radius r (m) and the translational velocity   (m.s-1) shown by 
Equation 1-3. This allows for the comparison of different ball types of varying 
diameters at multiple spin rates. The spin ratio is usually plotted against force or 
coefficient data. 
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Equation 1-3: Non-dimensional spin ratio. 
Figure1-16 illustrates the wind tunnel measurements of the lateral force coefficient 
against spin ratio. Each curve represents a fixed Reynolds number; therefore, 
increasing spin ratio implies an increase in the angular velocity. Results obtained from 
Passmore et al., (2010) for a 32 panel football illustrates how the lateral coefficient is 
represented for varying spin ratios. 
 
Figure1-16: Lateral force coefficient with respect to spin ratio for a 32 panel football (Passmore et al., 2010). 
Interestingly the same lateral coefficient can be generated via a variety of 
combinations. For example a CLAT = 0.1 occurs at 30m.s
-1
 with an approximate spin 
ratio of 0.04, in contrast 12 m.s
-1
 wind velocity requires a spin ratio of 0.26 to generate 
a CLAT magnitude equal to 0.1. This suggests care is required when interpreting results 
based on spin ratio as they can be misleading. It can be seen that a reverse lateral force 
coefficient is observed for the three lowest Reynolds number at low spin ratios. This 
effect is commonly referred to as the reverse Magnus effect and arises when the 
difference in tangential velocity on the two sides of the ball, that is responsible for the 
Magnus effect, is such that one side of the ball is sub critical and the other is super 
critical. Taking data from the 32 Panel football Passmore et al., (2010) used a flight 
model to simulate the outcome of flight trajectories to determine the influence on the 
lateral displacement that occurred. They identified that although it would be expected 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
-0.1
-0.05
0
0.05
0.1
0.15
0.2
0.25
0.3
Spin Ratio [-]
C
la
t 
[-
]
 
 
12 [m/s]
14 [m/s]
16 [m/s]
18 [m/s]
20 [m/s]
25 [m/s]
30 [m/s]
                                                                                                   Chapter 1. Introduction 
 
 
29 
 
that at zero spin there would be zero lateral deviation, through simulation the paper 
identified this is not the case. The findings from the paper identified it cannot be true 
that zero circulation produces a lateral force, which confirmed the need to measure 
orientation sensitivity, indicating it as the overarching factor on the flow at very low 
spin rates. In this thesis the use of static data to predict dynamic results is restricted to 
very low spin rates (maximum = 10rpm). Passmore et al., (2010) identified that at low 
spin rates it is the orientation that is important rather than the Magnus force. It is 
accepted that this is an assumption about the behaviour of the ball in dynamic 
conditions. 
Golf was a popular sport in the 19
th
 century, which motivated Tait (1893) to conduct 
research in to the aerodynamic forces acting on a golf ball during its flight. He did this 
by monitoring the ball‟s trajectory, recording the duration of the flight. He was able to 
produce an accurate model showing the path of a rotating projectile based on results 
obtained from a ballistic pendulum experiment.  
Davies (1949) researched the aerodynamic response of golf balls with high spin rates 
up to 8000 revolutions per minute (rpm) by using a wind tunnel arrangement. He used 
a novel method of rolling the balls down a plane with an upstream velocity of 32m.s
-1
, 
measuring the lateral deviation from its original path based on where the balls made 
contact with waxed paper located on the wind tunnel‟s floor and calculating their 
trajectories. Briggs (1959) carried out similar experiments to Davies (1949) dropping 
high rotating baseballs in to a wind tunnel. The spin was introduced to the ball by 
means of a suction cup in the vertical axis. The ball then dropped into a horizontal 
flow field. Briggs noticed that at high spin rates, the baseballs and smooth spheres 
behaved in different manners. The baseballs behaved relative to the predictable nature 
of the Magnus effect, however, the smooth balls deflected in the opposite direction 
producing a negative Magnus effect. In 1982 Barton conducted wind tunnel 
experiments on spinning cricket balls by rolling them down a ramp into the flow field. 
He concluded that a ball with a more pronounced main seam produced a larger side 
force resulting in more swing. This differed to the work completed by Bentley et al., 
(1982) who could not find a correlation between the seam profiles relative to the 
amount of side force the ball experienced. He concluded that in the velocity range of 
15m.s
-1
 to 30m.s
-1
 the seams on new balls consistently tripped the boundary layer each 
                                                                                                   Chapter 1. Introduction 
 
 
30 
 
time. Bearman and Harvey (1976) investigated the response of a golf ball at different 
spin rates, using a wind tunnel to carry out their experiments. A motor mounted in a 
model golf ball and suspended by wires attached to a balance enabled measurements 
across a range of Reynolds number. They measured the rotational spin rates with a 
stroboscope, deducing that the aerodynamic force on spinning balls is a function of 
        and less dependent on the Reynolds number. Watts and Ferrer (1987) came 
to similar conclusions as Bearman and Harvey (1976) investigating baseballs instead 
of golf balls. The side force on spinning baseballs was measured in a wind tunnel 
using a strain gauge balance arrangement. The balls were supported using two 
horizontal stings, and measurements were taken for varying rotational speeds, 
Reynolds number and three seam orientations. They concluded that the side force 
recorded was approximately independent of seam orientation relative to the flow 
direction and the drag coefficient was a function of spin rate relative to the upstream 
velocity and roughness with less dependency on the Reynolds number. 
Stepanek (1988) researched the drag and lift forces on a spinning tennis ball up to 
3250 rpm and velocities of 28m.s
-1
. He concluded that as the non-dimensional spin 
ratio (     ) increased 0.05 to 0.7 the drag and lift coefficients also increased from 
0.54 to 0.75 and 0.07 to 0.27 respectively. To the authors knowledge no research has 
been carried out on the influences to the aerodynamic response driven by the seam 
configuration of tennis balls. The main contributor appears to be the surface roughness 
in the form of the „nap‟ that is of much interest amongst sport engineers. In the same 
experiment for non-spinning measurements, Chadwick and Haake (2000a) 
investigated the drag of spinning new and used tennis balls by means of a wind tunnel. 
They noted that for increasing spin rates the nap stood up, as the centrifugal forces 
increased, changing the physical diameter of the ball from 65mm to 73mm which 
increased the drag. They observed changes of the lift component at 2.5x10
5
 for two 
spin rates between new and worn balls. At low velocity for new spinning balls, the 
spin caused the nap to stand up which increased the skin friction hence, the resultant 
drag. For worn spinning balls at low velocity, skin friction effects decreased and the 
retreating side of the ball becomes super-critical, moving separation downstream and 
gave a lower CD and CL. For worn spinning balls at high velocity, the effect is similar 
to the effect with new balls.  
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In baseball the „curveball‟ is when the pitcher imparts high spin to the ball, which 
experiences the Magnus forces as the predominate influence. Alaways and Hubbard, 
(2001) used high speed video technology to investigate the lift forces over a range of 
spin rates for baseballs. From their experiments they were able to deduce that at low 
rotational speeds the orientation of the seam played a crucial role, influencing the lift 
forces acting on the ball and as the rotational speed increased the dependency on seam 
orientation reduced as the Magnus effect took the predominate role, although the point 
at which this transition occurs was not concluded on. Aoki et al., (2002) investigated 
the drag and lateral forces of six different baseballs with varying dimpled surface 
pattern and seam configuration in a wind tunnel in the Reynolds number range 
2.3x10
4
 < Re < 1.6x10
5
 and spin rates of 1000rpm to 3500 rpm. Their results indicated 
that the drag varied between ball designs and increased as the spin increased. For the 
each ball design the drag, at the super-critical Reynolds number, was 0.4 and with the 
boundary layer transitioning to turbulent at approximately 6.0x10
4
 to 1.3x10
5
. 
Interestingly for the smooth ball the lift coefficient was negative for low spin rates and 
switched to positive as the spin rate increased.  
Carré et al., (2002) was one of the first to report on the aerodynamic performance of 
footballs during flight measuring the trajectories of several footballs over a range of 
kicks. Two high speed video cameras were used to track the flight path for curved 
kicks with high spin rates imparted on the ball. From the data the lift and drag 
coefficients were calculated, concluding that the drag and lift increases with an 
increase in spin rate as the velocity remains constant. Unpublished research by 
Passmore et al., (2010) identified that a ball possessing small amounts of seam length 
produced a reverse Magnus effect throughout much of the range tested, given that the 
same ball design demonstrates relatively good low spin characteristics measured 
through static yaw sensitivity measurements (Figure1-15).  This identified the need to 
consider more parameters than just the drag performance when characterising the 
balls‟ flight performance.  
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1.5.4. Summary of Flight Performance 
An in-depth discussion of the key aerodynamic principles has been conducted with 
particular attention on the application of these to sports balls. Modern footballs show 
an increased sign of utilising novel manufacturing techniques and materials; therefore 
it is essential to gain a better understanding of how these may affect the performance. 
Extensive research has been undertaken on the performance of spinning sports balls. 
The literature indicates these produce predictable flight trajectories and are not the 
cause of the unpredictable flight behaviour. The data has shown fluctuations in lateral 
force coefficients are caused because of asymmetric surface features with orientation 
changes. The published data has identified there is a need to assess the orientation 
sensitivity of footballs with different seam configurations. The differences in surface 
features alter the surface roughness and ultimately manipulate the boundary layer 
behaviour through the Reynolds numbers tested. Limited research has been conducted 
on assessing the trajectories generated from the measured wind tunnel data allowing 
for a more robust method of characterising a footballs performance relative to another 
design configuration. Table 1-1 below summarises the contribution of researchers to 
forces that occur on spheres and sports balls. 
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Researchers  Type Techniques Measurements Observations 
Achenbach Sphere Pressure Tapings Drag / Roughness Recrit = 4x10
5
 
(1972 & 1974) 
 
Flow Vis  Boundary Layer CDmin = 0.09 
    Hot-Wire Vortex Shedding   
Kim (1988) Sphere Wind Tunnel Wake Formations 130<Re<1x10
6
  
Taneda(1956/1977 
 
Flow Vis Vortex Shed vortex shedding 
Sakamoto (1990) 
 
Water Tunnel 
  Howe (2001)       St = 0.19 
Choi(2006) Sphere Wind Tunnel Dimple Design Dimples caused local  
  
Flow Vis Boundary Layer  flow separations 
    Hot-Wire Transition   
Maxworthy (1969) Sphere 
 
Trip Wire / Drag Transition angle 55
o
 
   
Boundary Layer 
       Transition increased CD to 0.23 
Maccoll (1928) Sphere   Magnus Effect Magnus force identified 
Seo (2004) Football Wind Tunnel Orientation /Drag  local separation and  
Asai (2005)   Flow Vis Wake Formations re-attachment at panels 
Carre (2002/2005) Football Video Analysis Drag / Lift Conventional and Reverse  
(2002 & 2005) 
 
Flight Model Low/High Rotations Magnus force identified 
    Wind Tunnel     
Bray (2003) Football Video Analysis High Rotations Drag varied from 0.25 & 0.3 
    Flight Model Drag & Lift   
Passmore (2008) Football Wind Tunnel Drag, Lateral Highly orientation sensitive  
Passmore (2010) 
 
Flight Model Low/High Rotations causing flight instabilities 
      Flight Model   
Barton (1982) Cricket Wind Tunnel  No/High Rotations -Ve lateral force at high Re 
Bently (1982) 
   
Used balls gave unexpected 
Sayers (2002)   Video Analysis Reverse Swing lateral forces at 0
o
 position 
Chadwick (2002) Tennis Wind tunnel No / High Rotation Nap increased CD by 6% 
Goodwill (2004) 
  
Used 'Nap'  CD & CL less for used balls 
Stepanek (1988)     Drag & Lift   
Watts (1974) Baseball Wind Tunnel KnuckleBall' Seam orientation sensitive 
Watts (1987) 
  
Low/High Rotations encourages lateral forces 
Aoki(2002) 
   
Reverse Magnus occurred 
Alawasy (2001)       for a smooth sphere 
Davis (1949) Golf Ramp High Rotations Dimple depth   
Beasly (2002) 
 
Wind Tunnel Dimple design influences CD & CL   
Aoki (2003)       more than diameter 
 
Table 1-1: Summary of relevant literature discussed including key finding and results. 
 
The review proved to be essential because it identified experimental techniques, 
methodology, pitfalls and potential experimental errors. Relevant areas not researched 
or under researched were identified and mathematical and statistical analysis 
techniques examined. 
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In conclusion the review of relevant research indicated that spinning balls generally 
have flight trajectories that can be predicted. They are not problematical in respect to 
being undesirable, because players use this effect to their advantage by accurately 
positioning and manipulating the trajectories. This may vary with different ball 
designs and will briefly be considered in subsequent chapters; however, the scope of 
this project will focus heavily on the orientation effects and slow spin rates that 
generated the undesirable behaviour. 
It has been shown that limited research has been conducted on assessing the 
trajectories generated from measured wind tunnel data. This type of empirical data 
allows for a more robust method of characterising a football‟s performance relative to 
another in terms of design configuration. This thesis provides a contribution to this 
area of research. 
In order to explain the structure and the methodology of this thesis the following 
section identifies the research aims and objectives and sets them in context with the 
literature review. Initially the rationale for this thesis was to provide technical 
aerodynamic support to assist in the design and implementation of the „Jabulani‟, the 
FIFA 2010 World Cup football. Using knowledge established from the development 
of the Jabulani, early development was undertaken to establish a robust design for the 
football to be used in the UEFA 2012 European Championship. The rationale then 
developed from a personal perspective and the research was equally motivated by a 
desire to integrate a love of sport with a career in Engineering. 
1.6. Research Aims and Objectives 
In the introduction the main aim of this thesis was stated to be able to determine the 
relationship between surface features and the in-flight performance of footballs. 
Further support is provided through the development of characterisation techniques to 
identify the in-flight performance of footballs. The secondary aim was to determine 
whether standards based on in-flight performance are required. In addition to 
contributing to research knowledge and standardisation of footballs, this will aid 
football manufacturers and provide the knowledge contributing towards design 
aspects for specific performance responses and identify sensitive areas which 
governing bodies may need to control; to ensure consistent ball flight during games.  
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The objectives to establish these aims requires a clear methodology of collecting 
experimental data regarding the forces acting on a football and devising methods of 
representing these in a manner which can assist in defining acceptable tolerances. The 
experiments were designed and testing carried out with the results analysed through a 
mathematical flight model. Novel mathematical and statistical techniques were 
applied to aid this analysis and to establish in-flight performance characteristics. This 
was a cyclic process where methods were optimised and refined based on the results 
obtained from using different ball designs and knowledge gained from the review of 
relevant research. The objectives and methods employed for this thesis are outlined as 
following. 
 
Measure Aerodynamic Performance 
Perform in-depth experimental studies in the Aeronautical and Automotive 
Engineering (AAE) wind tunnel. These studies were conducted to investigate the 
aerodynamic loads generated due to orientation, Reynolds number and spin rate 
sensitivities for a wide range of footballs and prototype designs in order to capture and 
then determine the effects of seam dimensions, surface roughness and manufacturing 
quality.  
Flight Simulation and Ball Characterisations 
Implement a mathematical simulation of the ball flight using the wind tunnel data to 
produce flight trajectories that represent real game relevant scenarios. Develop 
methods of characterising the flight and measure the lateral deviation that occurs. 
 Quantify the amount of lateral deviation 
 Identify the shape of the lateral deviation 
 
Surface Properties 
Investigate the effects of the surface features and their influence on the in-flight 
behaviour and the parameters identified in the characterisation process. Parameters to 
be investigated include seams, distribution, density and dimensions. 
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Case Study 
Conduct a case study of the in-flight performance of the FIFA 2010 World Cup 
football and benchmark against other ball designs. Carry out initial aerodynamic 
assessment for the development of the UEFA 2012 European Championship football.  
 
Quality Implications 
Investigate the effects of manufacturing imperfections on the in-flight performance, 
for example poor control of the dimensions of the seams and build up of glue that 
occurs at seam intersections.   
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2.0 Chapter 2 – Experimental Methods 
2.1. Introduction 
In this chapter a detailed description of the wind tunnel used in the measurements of 
the aerodynamic load is given, and the techniques used to accurately capture data for 
Reynolds number, orientation and spin rate sensitivities are examined. The method by 
which a football is mounted to the measuring apparatus and how this influences the 
flow field behaviour, hence contributing to the loads experienced, is discussed. A 
measure of the percentage error obtained for the drag and lateral coefficients and 
Reynolds number has been examined and the repeatability of the test procedure has 
been investigated. Owing to the differences in the aerodynamic response between 
footballs and prototypes of equivalent design a sensitivity study of these was also 
conducted. These differences are attributed to manufacturing variations; therefore a 
non-destructive geometry measurement approach is discussed to assist in isolating 
these for future investigations. The methods described in this chapter form the basis of 
the experimental techniques employed throughout the thesis to assist in determining 
the in-flight properties of footballs of different designs.    
 
2.2. Wind Tunnel Measurements 
All wind tunnel measurements carried out for this thesis took place in the 
Aeronautical and Automotive Engineering (AAE) open circuit, closed jet wind tunnel 
at Loughborough University, with a CAD image of the tunnel shown in Figure 2-1. 
The tunnel offered a 1.92m wide x 1.32m high x 3.6m long closed working section 
giving a blockage ratio of 1.70% for the ball models based on a diameter of 
approximately 0.22m. The blockage ratio is defined as the ratio of the projected area 
of the model to the test cross sectional area. When a football is kicked in an open 
space, streamlines develop in an infinite flow field. Measurements carried out in 
closed section wind tunnels with internal walls may result in encouraged ground 
effects if the object is large, where moving objects close to each other accelerates the 
flow through the aperture. This does not represent real world conditions and hence 
would require an additional correction to be made. Typically vehicle aerodynamicists 
would recommend a maximum blockage ratio in a closed working section of 5-6%; 
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above this the flow will not represent a real world scenario. Blockage corrections are 
applied to ratios great than 2%. Achenbach (1972) suggested that blockage ratios of 
up to 10% are acceptable for spheres, without the need for additional corrections; 
therefore no blockage corrections are made throughout this thesis. 
 
 
Figure 2-1:  Diagram of the AAE wind tunnel used throughout the thesis 
 
The tunnel was capable of operating at a velocity of up to 45m.s
-1 
which exceeds the 
maximum recorded velocity of a ball kicked by a professional player at 36m.s
-1
 as 
reported by Neilson (2003). Johl et al., (2003) measured the turbulence intensity of the 
tunnel as 0.15% at 40m.s
-1
 using a constant temperature anemometer. The velocity 
measurements were determined from a pitot-static tube positioned in the working 
section which measured the difference between the static and total pressures using a 
differential pressure transducer. From this, the dynamic pressure was obtained which 
in turn provides details of the wind tunnel velocity           using Equation 2-1 
where   = dynamic pressure (Pa) and   = air density         , which returned a 
velocity accuracy of 0.25%. 
 
    
   
 
 
Equation 2-1: relationship used for extracting wind velocities from wind tunnel instrumentation 
 
The air density was calculated using measurements of the ambient atmospheric 
pressure P (Pa) from a Druck pressure indicator and the air temperature T (k), as per 
Equation 2-2, returning an accuracy of 0.35%. 
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Equation 2-2: Density equation used based on pressure measurements during wind tunnel testing 
 
Forces and moments were recorded using the 6-axis virtual centre aerodynamic 
balance, positioned under the working section of the wind tunnel depicted in Figure 2-
2.  
 
 
Figure 2-2:  6-axis virtual centre aerodynamic balance 
 
The quoted accuracy for the drag and lateral balance components were ±0.010% for 
drag and ±0.005% respectively. Using expected forces generated from a spinning 
football (Passmore el al., 2008) with a maximum tunnel speed of 40m.s
-1
, the accuracy 
of the full scale drag and lateral components were ±0.05% and ±0.5% respectively. 
        
Component Balance Load Range Accuracy (% Full Scale) Force Accuracy 
Drag Force ± 120 N 0.010 ± 0.024 N 
Lateral Force ± 420 N 0.005 ± 0.042 N 
Lift Force ± 500 N 0.010 ± 0.100 N 
Roll Moment ± 150 Nm 0.010 ± 0.030 Nm 
Pitch Moment ± 60 Nm 0.010 ± 0.018 Nm 
Yaw Moment ± 45 Nm 0.015 ± 0.0014 Nm 
 
Table 2-1: Force balance range and accuracy values of the aerodynamic balance used in wind tunnel 
measurements. 
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Based on the load ranges and accuracy of the full-scale balance measurements it was 
possible to calculate the error in terms of force for each component, using the Lateral 
force as an example Equation 2-3. The full scale accuracy of the lateral component at 
0.005 was used in combination with the balance load range 840N produced from 
±420N. This principle was repeated for the other components and presented also in 
Table 2-1. 
 
                
          
   
         
Equation 2-3: Lateral force accuracy determined from the full scale resolutions of the aerodynamic balance 
 
The accuracy of the cross section was investigated. The real footballs used in this 
thesis for wind tunnel measurements were placed within a production mould of 
219mm diameter. This is explained in further detail in Section 2.2.5. Prototypes were 
manufactured on a 5 axis CNC milling machine using Uriol, a resin based material 
used for precision engineering applications. An estimated maximum discrepancy of 
1mm in the diameter of test objects equates to approximately 0.5% percentage error in 
the cross sectional area. The maximum percentage error was calculated in order to 
estimate the propagated errors that commonly occur when conducting wind tunnel 
measurements. Using the accuracies calculated previously the percentage error of the 
lateral coefficient is shown in Equation 2-4. An equivalent process was repeated for 
the drag coefficient. 
 
   
  
     
  
 
 
 
  
  
 
 
 
  
  
 
 
 
  
  
 
 
 
 
 
   
  
                                                   
 
   
  
         
 
Equation 2-4: Percentage error for the lateral coefficient calculated from wind tunnel measurements 
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These equate to a maximum percentage error of 0.75% for both the lateral and drag 
coefficients. Using an equivalent approach the maximum percentage error for 
determining the Reynolds number was calculated as shown in Equation 2-5. Using 
these parameters the total percentage error in Reynolds number was calculated using 
an estimated percentage error in the dynamic viscosity μ (Pa.s) of 0.5%. 
 
   
  
    
  
 
 
 
  
  
 
 
 
  
  
 
 
 
  
  
 
 
 
 
 
   
  
                                                
 
Equation 2-5: Percentage error for Reynolds number calculated from wind tunnel measurements 
 
These equate to a maximum percentage error of 0.83% in Reynolds number. The 
techniques and procedures used in this thesis build on the initial work conducted by 
Passmore et al., (2008), with measurements taken for Reynolds numbers sensitivity, 
yaw orientations and spin rate sensitivities. For the purpose of this chapter a smooth 
sphere prototype or a 32 panel prototype is compared to published data where 
appropriate or used to demonstrate procedures.  
2.2.1. Mounting Methods  
The methods in which objects are mounted in wind tunnels are of importance as the 
support interference can influence the forces experienced. Reynolds number 
sensitivity measurements are used as an example to described how these influence the 
results obtained. Traditionally researchers have mounted from behind for Reynolds 
number sensitivity measurements of spheres (Achenbach, 1972), which consists of an 
L shape sting as shown in Figure 2-3(a). This has minimal interference on the drag 
component, however, has limited functionality for orientation measurements. An 
additional method of mounting from below has also been adopted (Passmore et al., 
2008) as this has the improved functionality for measuring in various orientations 
(Figure 2-3(b)). 
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(a)                                                          (b) 
 
Figure 2-3: Wind Tunnel mounting methods (a) Below used for orientation sensitivity measurements & (b) Behind 
used for Reynolds number sensitivity measurements 
 
Figure 2-4 illustrates a comparison between behind and below mounting techniques 
for a Reynolds number sensitivity experiment. An advantage of mounting from below 
is the functionality of altering the orientation of the surface features with respect to 
flow direction; this is discussed in more detail in the subsequent section. 
Measurements were taken from 5m.s
-1
 in increments of 2.5m.s
-1
 to a maximum of 
20m.s
-1
, and then continued in increments of 5m.s
-1
 to a maximum of 35m.s
-1
. This 
approach was chosen to ensure sufficient data was captured around boundary layer 
transition.  
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Figure 2-4: CD against Reynolds number sensitivity between a behind mount and below mount method at 0
o yaw 
orientation 
 
A significant difference in drag coefficient for the two mounting methods was 
apparent. Overall the below-mount method over-predicts the drag coefficient 
magnitude. The sub critical regime produced a drag coefficient of CD = 0.6. Boundary 
layer transition commences at Reynolds number Re = 1.9x10
5
 and finishes at Re = 
2.6x10
5
 producing a minimum drag coefficient of 0.42 for the below mounted. The 
mounting from behind has a sub-critical drag coefficient of approximately 0.45 with 
transition occurring between 1.6x10
5
 < Re < 1.9x10
5
. The transitions between the two 
methods show that the mounting from behind produces a rapid drop in drag 
coefficient over a smaller range of Reynolds number. The mounting from below 
technique produces approximately double the drag coefficient post transition, which 
indicated the location of the support sting significantly interfered with the drag 
response during Reynolds number sensitivity measurements. It also showed close 
similarity to work carried out by Passmore et al., (2008) on the drag performance of 
footballs, where at Reynolds number Re = 3.5x10
5
 they identified 3 balls to have a 
drag coefficient of approximately 0.4. The mounting from below correlates well with 
previous data where Daish (1972); de Mestre (1990) and Carre et al., (2005) all 
identify a drag coefficient of approximately 0.2 at the equivalent Reynolds number. A 
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comparison of mounting from behind for the smooth sphere used throughout the thesis 
is directly compared to that of the work carried out by Achenbach (1972, 1974), 
Figure 2-5. The solid black line represents the sphere used throughout this body of 
work compared to the spheres from Achenbach‟s (1974) work with different levels of 
surface roughness. 
 
Figure 2-5: CD against Reynolds number sensitivity of rough and smooth spheres, Achenbach (1974) and the 
smooth sphere used throughout this thesis (Black solid line) 
 
Differences are seen between the smooth sphere used by Achenbach (1974) and the 
smooth sphere used for comparison. The variations in drag response are attributed to 
the surface properties of the respective prototypes. Achenbach did not provide quoted 
data of the relative roughness of the smooth sphere, yet the smooth sphere used in this 
thesis returned a relative roughness of approximately 3.0x10
-5
. It appears that the drag 
response of this smooth sphere was between the polished aluminium sphere and finest 
rough sphere with relative roughness 25x10
-5
 from Achenbach (1974). The findings 
suggest that for Reynolds sensitivity measurements the mounting from behind is 
required to obtain the most accurate representation of the coefficients that act on the 
football during free flight.  
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2.2.2. Orientation Sensitivity 
Balance measurements were performed to highlight the variation in the lateral (FLateral) 
forces as a consequence of the ball orientation to the free-stream. As stated in the 
previous section mounting the ball from behind had limited functionality in terms of 
orientation changes. Therefore each ball was mounted from below to a shaft and 
located to the balance, positioned in a geometrically symmetrical start orientation and 
tested at a constant wind speed of 30 m.s
-1
 (Re ≈ 4.7 x 105) for different yaw 
orientation angles (φ) ranging from ±145° in 5° intervals. This range was chosen due 
to the limitation of the balance and to ensure all possible seam orientations were 
captured, as a large proportion of current footballs configuration possess at least one 
plane of symmetry. The free body diagram shown in Figure 2-6 identifies the 
orientations and forces acting on the footballs during these static wind tunnel 
measurements. After each measurement the balance was rotated to a new position, a 5 
second settling period was established before the next measurement commenced. This 
ensured that any oscillations due to the rotation were sufficiently damped out and 
would not contribute as an additional error.   
 
 
 
Figure 2-6: Schematic of the forces and orientation sensitivities present on a mounted football during an yaw 
orientation measurement during a wind tunnel experiment 
 
The wind tunnel was designed predominantly for automotive application, which 
requires the test body to have a fixed coordinate system that is appropriate for 
automotive applications where the yaw orientation is to simulate cross wind features. 
Therefore, due to the requirements of the football aerodynamic assessment the vectors 
were resolved to stream-wise and normal axis. When the balance rotated in the yaw 
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direction, the „frame of reference‟ of the load cells attached to the balance also rotated. 
It was therefore necessary to correct the drag and lateral components for this change in 
yaw angle in order to calculate the true magnitude of the drag and lateral forces acting 
on the football. The calculations used to resolve the force cells and produce the correct 
components are detailed below (Equation 2-6) for when the balance was yawed by   
degrees. 
 
FD = recorded FD x cos ( ) + recorded FL x sin ( ) 
FL = recorded FL x cos ( ) - recorded FD x sin ( ) 
 
Equation 2-6: Frame of reference corrections for the drag and lateral force components 
 
Wind-off corrections were also made and subtracted from the recorded values at test 
velocities because the ball could experience moment forces at different yaw 
orientations. These can be caused by not mounting the ball on the shaft perfectly 
horizontally, which may generate some static loads due to the rotation of the balance. 
These are negated by the wind off corrections and therefore, static loads were 
measured from ±145° in 5° intervals with a wind speed of 0 m.s
-1
 and the resultant 
forces calculated.  
Watts and Sawyer (1975) argued that a baseball thrown with zero spin would not 
move erratically due to the orientation not changing. This is fundamentally correct; 
however, Weaver (1976) commented that a torque was present as a result of the non-
symmetrical flow around a non-spinning ball due to the presence of raised string 
seams on the outer surface. He concluded that it was quite possible to generate a good 
knuckleball with zero spin because the ball could acquire small spin as a result of the 
applied torque, thus varying lateral force. A football is inherently spherical without 
raised seams. Simulations carried out for this thesis all have spin applied and the 
seams are recessed, hence do not influence in the same manner as on the baseball.  
2.2.3. Spinning 
The spin apparatus consisted of four supporting leg structures fixed together by the 
bearing casing and motor, driving the 20mm diameter support shaft with the ball 
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located on the other end in the working section, Figure 2-7. This arrangement was 
regarded as the best solution for minimising the flow interference whilst maintaining a 
simple design (Passmore et al., 2008). The motor had a maximum rated speed of 4500 
rpm which was well in excess of the maximum recorded spinning free kick recorded 
by Nielson (2003) at approximately 870rpm.  
In the work reported by Passmore et al., (2008), using the same facility, repeatability 
tests showed a maximum scatter of approximately ±0.1N on both drag and lateral 
force at the 95% confidence level. This translated to an error in the drag and lateral 
force coefficients of ±0.04 at 10m.s
-1
, ±0.009 at 20m.s
-1
 and ±0.005 at 30m.s
-1
. 
Spin tests were limited to real footballs as the moment of inertia of the prototypes was 
too high for the capacity of the motor available. Tests were carried out between 0 and 
600 rpm in 50 rpm increments unless otherwise stated. Results for drag and lateral 
coefficients were plotted against the non-dimensional parameters spin ratio        . 
 
 
Figure 2-7: Apparatus for spinning measurements during wind tunnel testing, positioned on top of the aerodynamic 
balance 
 
2.2.4. Support Interference 
It was required to measure the influence of the support shaft on the aerodynamic 
loads. Once obtained these were subtracted from the measurements producing a better 
representation of the forces at various Reynolds numbers, to best represent the football 
in free flight. As previously discussed two mounting methods are reported in the 
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thesis; mounting from behind for Reynolds number sensitivity and mounting from 
below for orientation and spin rate sensitivities. The mounting from behind consisted 
of the L shape fixture securely mounted to the balance to measure the direct 
interference of the support. To measure the influence of the indirect interference 
generated by the ball changing the flow field around the support shaft a smooth sphere 
was included in the setup. The shaft was mounted to the roof of the tunnel with the 
sphere attached and positioned in front of the shaft mounted to the balance. Due to the 
movement of this arrangement a necessary gap was left between the two components 
to reduce any interference in the measurements taken while achieving the best 
representative flow conditions, Figure 2-8. The results obtained for the Reynolds 
sweep for the shaft on its own were then subtracted from the measurement made with 
the sphere attached, in the direct arrangement, to establish the best representation of 
real world conditions. 
 
 
 
Figure 2-8: Support interference methods for capturing the aerodynamic contributions based on a behind or below 
mounting methods 
 
A similar method was implemented for mounting from below however; the direct 
interference was represented from the vertical support shaft attached to the balance 
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and the indirect interference from the sphere positioned over the vertical shaft using 
an L shape support securely mounted to the floor of the tunnel. This was positioned 2 
ball diameters from the vertical support shaft attached to the balance to ensure the 
mounting rig had minimal interference with the flow field while providing sufficient 
structural support. The practicality of this method required a 10mm gap between the 
sphere and vertical support shaft. This was required due to the movement of the 
indirect interference configuration at high Reynolds number which might have 
impinged on the support interference measurements and also to ensure no damage 
occurred to the testing equipment. Figure 2-9, illustrates the magnitude of drag force 
experienced on the below mounting technique for increases in wind speed from 5m.s
-1
 
to 35m.s
-1
. At 30m.s
-1
 the drag force for a below and behind mount is approximately 
10N and 8N respectively. 
 
Figure 2-9: Interference effects of below and behind mounting techniques, illustrating the drag force against wind 
speed 
Published data has indicated the size of the support structure can have a significant 
influence on the forces measurements. It is recommended to be less than 10% of the 
maximum cross section of the test object (Achenbach, 1972; Watts & Ferrer, 1987). 
Passmore et al., (2008) carried out wind tunnel measurements for static and spinning 
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footballs using a 20mm shaft. They concluded this was an appropriate diameter size 
due to it being below the 10% threshold, at approximately 9% depending on ball 
diameter, while maintaining sufficient stiffness for the upper Reynolds numbers (Re ≈ 
5.5x10
5
) required. 
A sensitivity study was carried out on shafts with diameters of 10mm, 15mm and 
20mm, which are all below the 10% threshold to investigate the influence of support 
dimensions on flow interference. A compromise was required between minimising 
flow interference while not sufficiently deflecting at upper Reynolds numbers  of Re ≈ 
5.5x10
5  
(≈35m.s-1). 
Initial trials with the 10mm shaft identified that it was too flexible for static Reynolds 
number and orientation measurements and could potentially damage the testing 
equipment; therefore it was omitted from the test procedure. The influence on the 
Reynolds number and orientation sensitivity of a prototype football design using the 
mounting behind method was measured using 15mm and 20mm shafts and shown in 
Figure 2-10. 
 
Figure 2-10: CD against Reynolds number measuring the influence of shaft diameter from a 15mm to a 20mm shaft 
diameter using a behind mount technique  
 
1.5 2 2.5 3 3.5 4 4.5
x 10
5
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0.6
Reynolds Number
C
D
 
 
Behind 15mm Shaft
Behind 20mm Shaft
                                                                              Chapter 2. Experimental Methods 
 
 
51 
 
A consistent behaviour was observed for the Reynolds number range measured 
suggesting the shaft diameter has minimal effect when used in the behind mount 
configuration for Reynolds number sensitivity measurements. The orientation 
sensitivity and thus lateral force coefficient was also investigated using the below-
mount configuration and the results shown in Figure 2-11.  
 
Figure 2-11: The influence of shaft diameter on CY against orientation sensitivity measurements at 30m.s
-1. 
 
Both shaft diameters showed a similar trend through the yaw orientation 145
o
 with 
variations in the peak lateral force coefficient occurring. The smaller shaft diameter of 
15mm generated lateral force coefficients of approximately -0.13 in contrast to the 
20mm shaft at the equivalent yaw orientation of approximately 0.07. A similar 
response occurred at other yaw orientations throughout the range measured. It was not 
possible to attribute the increase in lateral coefficient solely to one feature; it was a 
combination of both the reduction in the diameter and stiffness from a 15mm to 20mm 
shaft diameter. Based on observation of each experiment the larger shaft diameter 
resisted the deflections at higher Reynolds numbers better than the 15mm shaft. The 
increase in lateral force coefficient was encouraged due to the shafts inability to resist 
deflections at velocity of 30m.s
-1
. Potentially the 20mm diameter may have masked 
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some of the orientation effects that were apparent from using the 15mm shaft 
diameter, however practically a 15mm shaft was insufficient for spinning experiments. 
Passmore et al., (2008) identified through experiments on spinning footballs that the 
lateral coefficients generated were higher than for static measurements for Reynolds 
number and orientation sensitivities measurements. This indicated that a 15mm shaft 
should not be used for spinning measurements due to the flexibility of the shaft and 
hence, a 20mm shaft diameter was used for the wind tunnel experiments reported in 
this thesis. 
Flow visualisation techniques were also employed to help identify any differences in 
the flow field behaviour between the two mounting methods and hence the support 
interference. This allowed the identification of key areas and phenomenon such as 
local and global separation, recirculation and vortices that occur on the outer surface 
as a result of the surface roughness, panel configurations for football applications. 
These techniques are well established and have been used in aerodynamics for many 
years. They assist in identifying aerodynamic features including boundary layer 
transition and separation which can help explain causes of aerodynamic loads 
generated through wind tunnel measurements. Scientists including Sakamoto, et al., 
(1990) and Taneda (1978) have used similar flow visualisation methods for 
investigating the flow fields around spheres. Taneda (1978) identified that a horseshoe 
shape appeared at the rear of the sphere at Reynolds numbers of Re > 2.5x10
5
. 
For the research leading to this thesis a mixture of paraffin oil and titanium dioxide 
was applied to the surface of the ball and used to visualise the flow field based on the 
surface patterns generated. The mixture was evenly applied to the outer surface in 
wind free conditions and then the wind tunnel speed accelerated to the final free 
stream velocity and allowed to settle for approximately 1 minute to allow for flow 
structures to form. In general subjective measurements are made based on the 
remaining fluid features to allow the user to infer how these are likely to influence the 
ball in flight. 
The techniques of mounting from behind and below were used to demonstrate the 
differences in the flow field behaviour due to the support interferences, using a 
smooth sphere prototype in both cases. Figure 2-12 (a) and (b) show the difference in 
the flow structures that occur between the two mounting techniques. The mounting 
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from below (b) illustrated a large area of premature separation at the edges of the 
sphere in line with the vertical support sting, whereas in (a) the sting had less 
interference due to the behind support method. The cause of the high drag force 
coefficient shown in Figure 2-4 appeared to be largely driven by the mounting method 
and support position. The location of the boundary layer transition and separation at 
the top of the sphere was consistent for both techniques described which appeared to 
be independent of the support interference. 
 
(a)       (b) 
      
Figure 2-12: Flow visualisation technique at 30m.s-1 applied to a smooth sphere for behind mounting technique (a) 
and below mounting technique (b) 
 
The differences in the flow structures for the two mountings has illustrated how this 
impacts on the drag component that acts parallel to the flow direction. The lateral 
component can also be considered by identifying any possible asymmetries in the flow 
structures. These do not appear for a smooth sphere as the lack of surface features 
ensures a symmetrical behaviour. 
When detailed surface features producing complex flow fields are introduced it is 
difficult to establish where key effects occur and how significant these are in terms of 
the corresponding forces. An example of this is demonstrated on a prototype football 
seam design which is manufactured in the same manner as the smooth sphere 
previously discussed, producing an equivalent surface finish. The results shown in 
Figure 2-13(b) indicates the seams present on the outer surface altered the flow field 
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behaviour. Complex transitions, local and global separations occur in contrast to the 
smooth sphere prototype, which are solely caused by the introduction of surface 
features. The smooth sphere (Figure 2-13) shows clear boundary layer behaviour that 
is mostly consistent throughout the cross section of the sphere. An exception occurs 
close to the support mount where this interference has been previously discussed. 
 
 (a)      (b) 
  
Figure 2-13: Flow visualisation technique on a smooth sphere (a) and football design (b) at 30m.s-1 using a below 
mounting technique 
 
The behaviour of the prototype with the football design (b) shows similarities at 
particular position on the sphere with variations solely influenced by the interference 
of the seams. The centre of the panel behaves similar to the smooth sphere with the 
boundary layer separations occurring at equivalent angles relative to the front 
stagnation point. This was also consistent at the top section of the prototype, 
suggesting the seam located at the front of this panel was not capable at influencing a 
change in boundary layer behaviour. The position and size of the support interference 
also correlated well, suggesting this effect was heavily driven by the mounting 
technique rather than seam configurations. Seams that were partially parallel to the 
flow direction appeared to be most influential at manipulating the flow field 
behaviour. They encouraged a turning in the flow forming recirculation structures as a 
result of the flow feeding in to these areas. This can be seen at the centre of the panel 
in Figure 2-13(b) where the flow entered the parallel seams either side of the centre 
panel level with the vertical seam and consequently separation occurred in a unique 
Flow Direction Flow Direction
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manner generating local recirculation areas. This suggests that the influences of seams 
are not simply boundary layer trips similar to the ones used in Maxwothy (1969) 
research. Seams aligned with the flow behaved differently to seams perpendicular to 
the flow direction, indicating orientation sensitivity of seams is of importance and 
therefore discussed in subsequent chapters in this thesis. 
2.2.5. Ball Treatment 
To securely fix a football to the support shaft of the balance in order to record forces 
acting on it at relevant wind velocity, a filling process was required. A two-part 
polyurethane expandable foam was chosen and the balls were prepared by initially 
drilling through the valve to release any pressurised air. Equal proportions of the two-
part foam were mixed together for approximately 15 seconds to encourage a chemical 
reaction that resulted in the setting and hardening process. To ensure the ball filled in 
a consistent manner and achieved the required sphericity, it was placed in a production 
mould post-filling to prevent the ball increasing in volume and left for approximately 
8 hours for the filler to harden, Figure 2-14. 
 
 
Figure 2-14: Production mould used for filling production footballs with a 2 part expandable foam to allow 
mounting in the wind tunnel 
 
Once removed a visual inspection was carried out to ensure no obvious defects 
occurred during the filling and curing processes. Footballs with imperfections were 
rejected from the test study and the process repeated with another football to minimise 
anomalies in the results. On completion of a successful visual inspection the ball was 
prepared for drilling to accommodate the support shaft. The ball was fixed in a jig on 
a lathe and a 20mm diameter hole of 200mm depth was drilled straight, reducing any 
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misalignment. This technique was considered the best option for securely fixing the 
footballs to a shaft for both static and spinning experiments required.  
 
2.3. Analysis of Accuracy and Repeatability 
The repeatability of the wind tunnel and experimental setup was investigated and 
Figure 2-15 illustrates the orientation sensitivity of a prototype design repeated 3 
times on separate days. For each experimental repeat the test object was removed and 
repositioned. Subtle variations were identified between the repeated tests and occurred 
due to subtle manual alignment errors during the initial set up procedure, but these 
were minimised using a set square arrangement. 
 
Figure 2-15: Repeatability measurements of the influence of lateral coefficients (CY) with respect to yaw 
orientation changes at 30m.s-1 
 
Figure 2-15 shows the lateral force coefficients with respect to orientation changes. It 
can be seen that the 3 tests possessed consistent repeatability. The results show good 
lateral coefficient repeatability between ball designs. This confirmed that the current 
process of removing, adjusting, and replacing the model did not significantly affect 
the results, and good repeatability was demonstrated. 
-80 -60 -40 -20 0 20 40 60 80
-0.2
-0.15
-0.1
-0.05
0
0.05
0.1
0.15
0.2
Yaw angle (degrees)
C
Y
 
 
Test 1
Test 2
Test 3
                                                                              Chapter 2. Experimental Methods 
 
 
57 
 
 
2.4. Real Prototype Designs 
With the nature of the development work required for this thesis a range of football 
designs and prototype designs were required and it was necessary to see how the 
aerodynamic behaviour differed between the methods of equivalent designs. 
Prototypes allow for quick and subtle changes to be made to the geometry of seams 
and panel configurations in order to investigate differences observed in the 
aerodynamic forces generated. Although prototypes in general are inherently 
expensive, they provide significant advantages in early football design and 
development as they are considerably cheaper than opening a new mould set for a 
production football. Prototypes are also considerably more versatile, allowing for a 
greater range of novel design patterns providing a significant reduction in time from 
design to product, increasing the number of possible configurations able to be tested in 
a wind tunnel session through minor surface adjustments. 
Prototypes can be manufactured in a number of ways including selected laser sintering 
technologies (SLS) as used by Passmore et al., (2008) or more traditionally polished 
aluminium (Achenbach, 1972). They can vary in surface finish and spherical 
properties based on the manufacturing methods, however, inherently prototypes are 
regarded as possessing relatively low imperfections. This is due to the controlled 
nature of the manufacturing using tools such as computer aided engineering (CAD) 
packages and techniques. 
The use of prototypes is regarded as an established and acceptable method in the 
aerodynamic research of spheres and sport balls (Achenbach, 1972; Carré et al., 2005; 
Passmore et al., 2008; Beasley and Camp, 2002). However, these investigations have 
not identified the measurable differences between the two methods of manufacturing. 
Drawing conclusions regarding prototype designs without researching how the 
performance of a real ball of equivalent design will affect behaviour, is misleading 
unless the quality imperfection due to manufacturing variations are known. It is good 
engineering practice to assume an accurate prototype design can be achieved and 
implemented into a football production of similar quality. However, quality 
assessment for engineering applications suggests it is also good practise to investigate 
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the likelihood of achieving the same level of „perfection‟ observed in a prototype 
design when transferred to the manufacturing of a real football and how this impacts 
on the balls aerodynamic performance as a result.  
The process of football production is highly automated utilising novel patented 
techniques such as thermally bonded panels, which in recent years have superseded 
traditional stitched balls. The manufacturing process is within specific quality 
tolerances but imperfections may occur for example in the form of glue building up in 
the seams, loose stitching between seams, and misalignment of seams through 
adjacent joining panels. The importance of orientation effects on the flight 
performance has been discussed and it is suggested that these imperfections subtlety 
alter the aerodynamic performance of a football and can prove challenging when 
directly comparing the overall performance between a prototype and a football of 
equivalent design. The influence of manufacturing variations and the impact on the 
aerodynamic performance is discussed further in Chapter 5. Figure 2-16 shows an 
example of a prototype ball and the equivalent design of an actual football with 
thermally bonded panels. 
 
 
    
 
Figure 2-16: Production football (white) and prototype designs (black) of  the 2006 World Cup (Teamgeist)football 
design 
 
A study was conducted in order to assess the performance of 3 production footballs of 
32, 14 and 8 panel arrangements. All are FIFA approved and directly compared to the 
prototypes of equivalent designs. The orientation sensitivity was investigated to 
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understand how the lateral coefficient varied with a change in yaw orientation 
between the two methods for the range of ±145
o
 at a constant free stream velocity of 
30m.s
-1
. 
 
 
Figure 2-17: CY against yaw orientation sensitivity measurements of a prototype and production football with a 
Teamgeist design at 30m.s-1 
 
Figure 2-17 includes the yaw orientation with respect to lateral coefficient of a 
football compared to the prototype of equivalent design. It can be seen that the lateral 
coefficients shows good correlation between tests subjects with differences in peak 
lateral coefficients with yaw orientations. Both illustrate a good correlation in the 
shape and overall trend producing an average CY across the yaw orientations measured 
of 0.0466 and 0.0477 for the prototype and real ball designs respectively. The 
difference in lateral coefficients can be attributed to multiple factors including 
manufacturing variations in seam dimensions and sphericity, where local bulging of 
panels occurs from assembly constraints for footballs, which are not present on 
machined prototypes. Manufacturing tolerances associated with the prototypes 
generate fewer imperfections compared to the sensitive manufacturing process of 
footballs that commonly involve manual assembly. The results from this study (Figure 
2-17) have indicated that subtle variations in the outer surface between production 
-150 -100 -50 0 50 100 150
-0.1
-0.08
-0.06
-0.04
-0.02
0
0.02
0.04
0.06
0.08
0.1
Yaw angle (degrees)
C
Y
 
 
Prototype
Football
                                                                              Chapter 2. Experimental Methods 
 
 
60 
 
footballs and prototypes of equivalent designs influence the lateral coefficients 
generate at key orientations.  Although difference in the results occur the process of 
using prototypes to predict the behaviour of production football designs is necessary 
for ball manufactures. Care must be taken where comparisons of designs must be 
made between prototype designs and footballs design, as comparing the results from a 
prototype to the results of a footballs maybe misleading. This study has identified 
variations occur in footballs and is discussed in more detail in Chapter 5 therefore, the 
need to be able to measure the surface features is required, to be able to draw 
conclusions on how these variations in surface feature influence the in-flight 
performance of football designs. 
2.5. 3-D Capture of Surface Features 
Differences in the in-flight performance have been established between prototype and 
production footballs of equivalent designs as a result of manufacturing variations. Surface 
inspection measurements of the prototypes production footballs were required, to 
distinguish between any surface anomalies and how these influenced the aerodynamic 
forces measured. It has been shown in the literature (Watts and Sawyer, 1974; Passmore 
et al., 2008) that asymmetric surface features encourage greater lateral components that 
influence the in-flight properties. 
The inspection method employed used an optical sensor for 3-D surface shape 
measurement based on white light fringe projection. The principle focus of this 
approach was to provide details of the surface imperfections to allow a classification 
of how these influenced the in-flight performance. Samples were scanned using a 
Phase Vision Quartz SMS800 optical 3-D scanner. The optical sensors incorporated a 
fringe projector and digital camera with a field of view on the component surface of 
approximately 400mm x 400mm. The measurement accuracy was approximately 
1/15,000 of the measurement volume diagonal which equated to approximately 50μm. 
The sensor provided full field data describing the 3-D surface shape and texture within 
this region. 
An optimized sequence of typically 50 to 100 structured light patterns was projected 
on to the sample surface. Each pixel in the digital camera produced an estimated 3-D 
coordinate of the imaged surface, thereby generating a dense cloud of detailed high-
precision coordinates, typically in the order of approximately millions across the field 
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of view. The method provided a detailed 3-D digital model of the component surface 
that was to be analysed for the presence of discontinuities or other irregularities that 
may indicate the presence of features of interest. Multiple measurements were taken in 
order to capture the majority of the balls surface by mounting on a rotating stage and 
taking scans in increments of 20 degrees, using GEM Scan. Each scan had a unique 
global co-ordinate system and therefore required alignment to complete the full 
representation of the ball, achieved through GEM Align. 
Post processing and surface analysis was carried out using the inspection software 
PolyWorks. Processed scanned data was directly compared to a „best-fit‟ sphere 
through the software that used optimisation algorithms to find the best solution. 
Deviation contour plots were generated illustrating areas that differed from the best-fit 
sphere. An application of the principle was carried out on a 32 panel prototype design 
and foam filled production football to be used in wind tunnel measurements. 
Deviation contour plots are shown in Figures 2-18 and 2-19, the legend represents the 
deviation in terms of millimetres. The orientation shown in these figures coincides 
with the start orientation used in wind tunnel experiments. 
 
 
Figure 2-18: Contour deviation plot of a best fit sphere overlaid onto capture scan data of 32 Panel prototype 
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Figure 2-19: Contour deviation plot of a best fit sphere overlaid onto capture scan data of 32 Panel football 
The contour scales for the prototype and production football are of different 
magnitudes between, producing a range of ±0.15mm and ±2.00mm respectively. This 
was chosen to best illustrate the significant differences in deviation from a best-fit 
sphere for each analysis.  
The best-fit solution uses the largest surface area available to fit to. With a maximum 
seam depth of 1mm the grey region implied the scanned surface of the football at 
these locations did not sufficiently match with the best-fit sphere comparison 
therefore, outside the colour contour range shown. Deviation hotspots occurred on 
either side of the prototype surface (Figure 2-18) over multiple panels. These were 
generated due to manufacturing differences but were minor compared to the 
production football (Figure 2-19).  
Two types of hotspots occurred on the production football. A hexagonal shape can be 
inferred by the yellow colour contour. This was generated by the internal carcass used 
for structure support protruding. These are not external surface features but still 
contribute to encouraging an asymmetric spherical shape. The other hotspot formed a 
deep blue contour profile located in the centre of the external panel and coincides with 
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the centre of a hexagon internal carcass panel. These are most likely caused by the 
reduction in stiffness for these positions as generally a higher stiffness is achieved at 
seam locations. Both of these effects contribute to imperfections that are likely to alter 
the aerodynamic performance. The differences illustrated between the magnitudes of 
the contour ranges between the prototype and production football suggest the 
manufacturing quality for the prototype was more accurate and had fewer 
imperfections. 
It was not possible to compare prototype design to an equivalent football design due to 
the difference in the diameters between the test objects. For consistency all prototypes 
used in this thesis had a nominal diameter of approximately 219mm, whilst the 
diameters of production footballs vary between manufacturers. The FIFA quality 
standard (FIFA) allows a diameter range of approximately 218mm to 221mm for the 
approved accreditation. The large spectrum of potential diameters would provide 
challenging to draw any accurate result based on the comparison of the 2 test objects. 
The difference between 2 production footballs of equivalent design was examined. 
 
 
Figure 2-20: Contour deviation plot of a best fit between scan data obtained for 2 production footballs of equivalent 
design 
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A deviation contour plot of the comparison between 2 production footballs of 
equivalent design is shown in Figure 2-20. Both sets of scan data possessed a unique 
coordinate system in space and required an alignment process in order to carry out the 
best-fit procedure. The software generated an iterative optimisation process to 
minimise the errors until a best-fit solution was found. Inherently, real footballs have 
subtle imperfections which vary between balls reducing the likelihood of a perfect 
match potentially leading to misleading results; therefore care was required in 
interpreting the results. The majority of the balls appeared to be within ±0.25mm with 
the largest variations occurring at the top left quadrant and bottom right quadrant. 
Owing to both scans being positive differences it was likely that these differences 
could be attributed to the variations in the surface features. A challenge with this 
approach of comparing these data to one another is that the subtle variations in the 
seams may cause a bias in the results. Comparisons could only be based on the scan 
data and best-fit sphere solution to minimise errors.  
This approach has established that surface imperfections occur in both prototypes and 
production footballs. The effect is lesser in the more controlled manufacturing method 
for prototype designs. It is suggested however, that quality imperfections will exist in 
all production footballs due to the manufacturing methods and manual assembly 
processes. Therefore some knowledge of how these influence the in-flight 
performance is required to assist in establishing acceptable tolerances for better 
quality control approaches. 
 
 
 
 
 
 
                                                                              Chapter 2. Experimental Methods 
 
 
65 
 
2.6. Summary 
 This chapter detailed the experimental methods and techniques used to 
establish the sensitivity of the forces that act on footballs with different seam 
configurations.  
 
 A variation in the drag response of the smooth sphere used in this study 
compared to published data by Achenbach (1972) was observed. The 
difference was attributed to the level of surface finish obtained between the 
polished aluminium and Uriol prototypes. The drag response of the Uriol 
prototype was located between that of Achenbach‟s smooth and least rough 
spheres. 
 
 An error analysis was carried out on the drag and lateral coefficients and the 
effects on Reynolds number produced total percentage errors of 0.75% for 
both the drag and lateral coefficients and 0.83% for Reynolds number. These 
low errors allow for detailed comparisons of a great range of ball types.  
 
 Accuracy and repeatability measures were carried out that showed the test 
procedures and techniques repeated consistently and within experimental error 
on separate days, providing sufficient confidence in the techniques employed 
throughout the thesis.  
 
 Two mounting methods were employed, using a behind-mount for Reynolds 
sensitivity and a below-mount for orientation and high spinning sensitivity 
measurements. A flow visualisation technique illustrated the influence of the 
sting between the behind and below mounting techniques. A drag coefficient at 
30m.s
-1
 of 0.21 and 0.41 was recorded for the two methods respectively 
indicating the behind mount has less influence on the drag component. The 
advantage of the below-mount was the improved functionality of altering the 
seam orientations relative to the flow direction, which allowed for a robust 
measure of the influence of seam configurations on the lateral coefficients 
generated. 
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 A shaft diameter of 20mm was selected as the best solution for the proposed 
testing procedures. Minimal deflections occurred for high Reynolds numbers 
(Re = 5.5x10
5
) while remaining under the 10% interference tolerance based on 
the diameter of the test object stated by previous published data (Achenbach, 
1972). 
 
 Prototypes and production footballs based on equivalent designs were 
examined to measure how they differed in aerodynamic behaviour. 
Approximately a 15% increase in lateral deviation was recorded between a 
production football and prototype of equivalent design. This occurred due to 
manufacturing variations in production footballs encouraging an asymmetric 
distribution due to surface features that were not replicated in prototype 
designs. For comparisons of designs similarities must be made between 
prototypes and production footballs separately. 
  
 To gain a better understanding of how surface features might alter the 
behaviour of the airflow over a ball, an optical scanner was employed to 
identify and measure areas that contained defects. The results from this process 
identified that the prototypes achieved a better level of quality and the 
production footballs possessed complex surface variations. 
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3.0 Chapter 3 – Flight model 
3.1. Introduction 
To predict the flight behaviour of a ball requires knowledge of initial conditions 
including; velocity, launch angle, both horizontal and vertical and spin rate. Changes 
in these parameters along with orientation and Reynolds number effects all contribute 
to altering it. This indicates that to obtain an accurate measure of overall in-flight 
performance, multiple trajectories are required. It has been shown in Chapter 1 that 
video tracking of the ball‟s flight and wind tunnel measurements are both commonly 
adopted approaches for extracting relevant forces. Limitations with the video tracking 
techniques include issues with accurately capturing the initial launch parameters and 
consistently reproducing these through either player testing or even mechanical 
devices. Wind tunnel experiments are the most accurate method for measuring forces 
that act on a ball in flight however, they are not capable of determining how the forces 
will influence the flight path. The implementation of a flight model provides 
additional functionality producing simulated trajectories based on experimental data. 
This allows the user to produce multiple trajectories based on multiple start 
conditions. A need to synthesise the data to generate a series of kicks based on an 
array of initial flight parameters including start orientation, spin rate, velocity is 
required to produce a robust measure of the overall flight performance of football 
designs. This chapter focuses on how the simulated flight trajectories were generated, 
using equations of motion and provides details on the assumptions made to simplify 
the approach. A detailed breakdown of the effects from slow rotating ball flights and 
high rotational effects are discussed using output from the flight model. Example 
trajectories are generated that illustrate the sensitivity of orientation and spin rate 
dependence. 
 
3.2. Mathematical Models 
Mathematical models are used in engineering applications for a range of purposes 
which vary significantly depending on the user‟s needs. One advantage of a 
mathematical model is its ability of applying simplification techniques to complex real 
world situations. Eykhoff (1974) defined a mathematical model as 'a representation of 
                                                                                             Chapter 3. Flight Model 
 
 
68 
 
the essential aspects of an existing system (or a system to be constructed) which 
presents knowledge of that system in usable form'. The term „Model‟, in its broadest 
sense, merely means a systematic way of organising and quantifying factors relevant 
to the analysis of a complex problem. The construction of a model involves the 
formulation of a hypothesis about the nature of the relationships that exist between the 
various relevant factors, Waaler (1962). These relationships provide the underlying 
mechanisms and which, when solved, give quantified descriptions of the problem. 
However, mathematical models can be misleading unless care is taken in accurately 
implementing input parameters, which ultimately affect the validity of the processed 
output. The validity of the hypothesis can be tested by feeding data into the model, 
solving it through calculations, and finally comparing the results with actual 
observations.  
  
3.3. Free Flight Trajectory Analysis 
The flight model used in this thesis is based on Passmore et al., (2008), using a first-
order backward differencing technique, with the spin axis assumed vertical. In reality 
during a kick it is unlikely the spin axis will be vertical and remain constant, however 
for modelling purposes it was chosen as the baseline position. The studies between 
ball designs within this thesis are on based on comparative studies and therefore a 
vertical spin axis is acceptable. Additional functionality to Passmore et al., (2008) 
flight model has been incorporated including 2D interpolation models that uses a 
combination of orientation and Reynolds number sensitivity data from wind tunnel 
measurements. The remapped Reynolds number data using a behind mount method in 
wind tunnel measurements has improved the drag profile throughout the flight 
simulations conducted. A ball trajectory is computed from the time integration of the 
three-dimensional position vector, S (m), using the velocity vector, v (m.s
-1
) at a given 
point in space and time, t (s). The velocity vector was represented by the average of 
the velocities at the initial location and the velocity at the initial condition. The 
trajectory was computed for the horizontal, vertical and longitudinal directions. The 
drag and lateral coefficients used in the flight model were extracted from wind tunnel 
measurements for Reynolds number and Orientation sensitivities respectively. A 
piece-wise interpolation model was applied to the wind tunnel data to ensure sufficient 
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coverage of data for the simulations whilst preserving the shape of the measured data. 
Figure 3-1 shows the path of a non-rotating ball in flight illustrating the aerodynamic 
forces acting on the projectile. The total force exerted on the object is described in 
Equation 3-1. FD is the drag force which acts parallel to the direction of travel in a 
resistive manner, FL is the lateral force which acts perpendicular to the direction of 
travel. The mass of the object and gravitational effect are represented by m and g 
respectively. 
 
Figure 3-1:  Free body diagram of forces acting on a football during flight 
 
Considering only drag, lateral and gravity forces with the subscripts D, L denoting the 
drag and lateral components respectively, the resultant force F on the ball is described 
by Equation 3-1.   
                       
Equation 3-1: Force definition including the drag and lateral components 
The drag force relationship shown in Equation 3-2 comprises of the following 
parameters, including       which is a unit vector and special reference for the other 
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components. The force is obtained from the cross sectional area based on the diameter 
and shape of the object, density of the medium, velocity of the object drag coefficient 
and unit vector. 
          
 
 
        
  
 
          
         
 
 
        
  
 
          
Equation 3-2: Drag force (FD) and Lateral force (FL) relationship 
The unit vector can be further evaluated, using details of angle positions relative to the 
x, y plane, Equation 3-6. 
       
          
          
    
                                                   
      
  
    
       
  
    
        
  
    
       
 
Equation 3-3: Resultant unit vector 
 
Where                         are unit vectors on (x, y, z), furthermore;                
        therefore,                 , and can be repeated for the other components, 
                and             . Substituting these expressions a simplified 
equation can be formed. Acceleration in the x, y and z directions are shown below in 
Equation 3-7. 
   
 
 
 
     
 
  
  
 
                       
   
 
 
 
     
 
  
  
 
            
      
 
 
 
     
 
  
  
 
                      
 
Equation 3-4: Acceleration in the x, y and z directions 
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The position vector of x, y, z is calculated from the acceleration Cartesian vectors and 
velocity vectors through a classical backwards difference method. 
       
   
   
  
  
  
  
  
   
   
   
  
      
  
  
  
  
  
  
  
  
  
  
  
   
 
 
 
  
Equation 3-5: Position, velocity and acceleration vectors 
 
Combining previous expressions and reference to Newton‟s second law of motion 
      it is possible to form the following expression, Equation 3-4. 
 
                  
 
 
  
  
 
          
 
Equation 3-6: Resultant force acting on the ball during flight 
 
The velocity of the ball in three directions was obtained through Equation 3-5 and is 
used in the next iteration in the computation process. 
                                 
 
Equation 3-7: Velocity of the ball in 3 directions 
 
Simulations were terminated when the ball struck the floor or at a specific longitudinal 
distance. A time step of 0.01s was used because this produced no significant 
difference in trajectories when compared to smaller time increments.  
Using wind tunnel measurements obtained for a 32 panel football the orientation and 
Reynolds number data along with initial parameters based on a free kick from Bray 
and Kerwin (2003) were used to simulate an example trajectory. 
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The initial launch parameters used for the flight trajectory are: 
            
      
       
A comparison of a simulated trajectory generated from wind tunnel measurements 
was compared to experimental kicking trials. A mechanical kicking simulator, High 
Speed Video (HSV) cameras and a radar tracking system were all used to capture the 
in-flight behaviour of various football designs (Rogers et al., 2010). They found 
experimental errors occurred when capturing data from the trajectories. These 
presented in the form of differences in the launch velocity, vertical angle, lateral angle 
and spin rate. This proved challenging when trying to compare to a simulated 
trajectory based on wind tunnel measurements and inputted initial launch parameters. 
 
Figure 3-2: Simulated flight model trajectory compared to multiple experimental trajectories with similar launch 
conditions 
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The shaded area in Figure 3-2 represents the range of experimental kicks achieved 
during testing which were intended to have the same initial launch conditions. This 
region includes 15 separate trajectories for a particular ball type. This is directly 
compared to a simulated trajectory using the average initial launch parameters 
calculated from the experimental testing and wind tunnel measurements for the same 
ball type. Average experimental kicks were chosen as a comparison instead of a single 
flight because of the lack of captured data throughout the flight. Parameters including 
spin axis and spin degradation as examples were not recorded and may influence the 
overall flight trajectory. Therefore, a single trajectory with unknown flight parameters 
would have been misleading for the comparison of a simulated trajectory based on 
limited functionality currently available in the flight model. It can be seen in Figure 3-
2; the experimental trajectories vary in lateral displacement with respect to 
longitudinal displacement due to subtle difference in the combinations of the initial 
launch conditions. The simulated trajectory is approximately central within this region 
indicating it is a suitable method of assessing in-flight performance of football 
designs. The mathematical model has the increased benefit of comparing football 
designs with the exact initial launch conditions, without the incurred error or variation 
from experimental procedures. 
 
3.4. Sensitivity Study of Flight Trajectories 
A sensitivity study was carried out to investigate how the lateral coefficient used in 
the flight influenced the in-flight performance. Simulated trajectories were generated 
using constant lateral coefficients of 0.1, 0.15, 0.2 and 0.4 magnitudes. Using the same 
initial launch conditions and flight model 4 trajectories were plotted, Figure 3-3. 
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Figure 3-3: Simulation of the multiple lateral coefficients to determine the influence CY on the longitudinal and 
lateral displacements 
 
Applying a positive lateral coefficient produced a positive lateral deviation relative to 
the zero lateral displacement plane. A linear relationship was achieved with an 
increase in lateral coefficient. In reality the lateral components obtained for football 
designs vary, producing a fluctuation with changes in orientation (Passmore et al., 
2008). This study identified that changes in magnitudes result in large differences in 
the flight performance, indicating the importance of including this parameter based on 
wind tunnel measurements in the flight model for an improved measure of in-flight 
performance. 
The effects of low spin rates on the flight of the ball were explored by measuring the 
orientation sensitivity of the ball as this makes it possible to determine any 
unpredictable lateral movement due to assymetry.  Figure 3-4 shows the orientation 
sensitivity for a 32 panel football, data was acquired at 30m.s
-1
 and with the ball 
mounted from below the balance rotated from ±145
o
 in 5
o
 increments.   
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Figure 3-4:  Lateral coefficient (CY) against yaw orientation for a 32 panel football using a below mount technique 
carried out at 30m.s-1  
 
While it is clear the lateral coefficient varies with yaw orientation, drawing 
conclusions from the raw aerodynamic data regarding the actual performance in flight 
is problematic. For example is it the amplitude of CY or how rapidly the cycles are 
repeated as a function of orientation angle that causes the most lateral deviations in-
flight? To investigate this simulated wind tunnel data CY against yaw angle was 
generated with varying amplitudes and repetition wavelengths. It is recognised the 
lateral force coefficient with respect to yaw orientation consists of high and low 
frequency fluctuations. However, it was required to simplify the data to understand 
how the amplitude and wavelength repetition influenced the lateral deviation 
generated. This was achieved through a synthesised approach with an example shown 
in Figure 3-5 where the repetition wavelength is 180
o
 and the amplitude 0.1. 
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Figure 3-5: Example of synthesised Lateral coefficient with respect to yaw orientation with clear amplitude and 
repetition wavelength properties 
Using the simulated wind tunnel data as an input to the flight model, the effects of 
amplitude and frequency were determined by performing 500 kick simulations with a 
range of ball start orientations and ball rotational speeds varying from 0rpm to 10rpm. 
The amount of lateral deviation was quantified using the RMS deviation 
approximation as described by Passmore et al., (2008). A low RMS deviation indicates 
the less lateral in-flight deviation that occurs resulting in a more stable flight 
performance. The results of the study are summarised in Figure 3-6 which plots 
amplitudes (0.1, 0.12 and 0.15) against repetition wavelength simulated RMS 
deviation. It is noted though that while the lowest deviation would be achieved by 
reducing both the magnitude of the lateral coefficient and the repetition wavelength, it 
is possible to achieve similar overall deviation through a number of combinations. The 
RMS deviation calculated from the 500 simulated low spin kicks is therefore a useful 
parameter for differentiating between the in flight performance of football designs. 
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Figure 3-6:  The influence of RMS deviation against multiple repetition frequencies and amplitudes through 
synthesised simulated data 
 
The results have shown that the use of a flight model in combination with 
experimental data provides a good measure of the ball performance. However, it is 
identified that there are differences in flight behaviour of the same ball based on 
varied start conditions therefore 1 kick is insufficient at producing a robust measure of 
the flight of a ball to compare the in flight characteristics of different ball designs. 
Therefore a need for a statistical analysis based on multiple trajectories is required to 
characterise the overall in flight performance of ball designs. A simple multiple-
trajectory computational procedure was demonstrated to show how trajectories vary 
based on orientation and Reynolds sensitivity, using the wind tunnel data shown in 
Figure 3-4 for a 32 panel football. It is suggested that it is not possible to characterise 
the performance of a ball design based on a single flight trajectory. Passmore et al., 
(2008) identified the influence of orientation and the rate at which the orientation 
changed during flight on the significance of the deviated flight path. The simulated 
trajectories based on 5 different start orientations 0
o
, 12.5
o
, 25
o
, 37.5
o
 and 45
o
, all with 
a spin rate 10rpm are shown Figure 3-7.  
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Figure 3-7: Flight model results of longitudinal against lateral displacement based on multiple start orientations 
(Passmore et al., 2008) 
 
Differences in the lateral behaviour can be observed for the trajectories with different 
start orientations, Figure 3-7. An example of this can be demonstrated between the 2 
flights with start orientations 0
o
 and 25
o
. Both flights finish at an equivalent 
longitudinal position but reach this in completely different manners. The trajectory 
with a 0
o
 start orientation predominantly has a negative lateral deviation until it pass 
the central tendency after 30m and finishes with a positive lateral deviation. A 
simulated trajectory with a 25
o
 start orientation produces an entirely positive lateral 
deviation throughout the flight reaching a maximum after 27m in the longitudinal 
direction.  
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Figure 3-8: Flight model results of longitudinal against lateral displacement based on multiple spin rates (Passmore 
et al., 2008) 
The flight of the ball at 3 low rotational speeds and an initial translational velocity of 
30m.s
-1
 are shown in Figure 3-8. Under these conditions the trajectory does not follow 
a smooth curvature as expected in high spinning kicks and has shown the sensitivity to 
small differences in spin rate. The shape of each trajectory based on the different spin 
rates is considerably dissimilar resulting in a diverse range of end locations. With a 
spin rate of 10rpm the end deviation from the central tendency was small 
(approximately -0.05m over 35m) in contrast to the 5rpm spin rate where the 
maximum deviation and end deviation show approximately a 0.45m lateral deviation. 
Based on this, Figure 3-7 and Figure 3-8 illustrate the sensitivity of orientation and 
spin rate on the influenced flight paths and have been shown as significant and must to 
be considered when defining an overall performance characterisation. A limitation of 
previous flight models (Bray and Kerwin, 2003; and Carré, 2002) is the lack 
orientation and Reynolds number sensitivity required for generating multiple 
simulated flight trajectories. It would be misleading to compare two or more footballs 
that vary in design and ultimately in flight performance and rank these based on a 
single trajectory, knowing orientation and spin rate sensitivity are highly influential. A 
statistical approach is required to identify if any bias occurred to fully establish the 
overall performance of footballs in flight. 
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3.5. Summary 
 Wind tunnel data obtained were used in conjunction with first principle 
formulae to simulate the forces that act on a football during free flight. 
  
 To allow for a direct comparison between balls of different designs, 
mathematical flight models have been shown to represent experimental wind 
tunnel data in terms of known trajectory outcomes.  
 
 The flight model refines assumptions made in previous published data (Bray 
and Kerwin, 2003; Carré et al., 2005; Passmore et al., 2008) using 
interpolation models and reference tables for the drag and lateral coefficients 
based on the Reynolds number and orientation sensitivities which in turn were 
obtained through wind tunnel measurements. 
 
 Differences occur in the behaviour of trajectories when balls possess high 
rotations in contrast to balls with low rotations. High rotations produce smooth 
predictable flight trajectories, whereas slow rotating balls may induce erratic 
lateral deviation behaviour due to the altering forces caused by the orientation 
effects of the surface features. 
 
 Variations in trajectories based on lateral displacements have been identified 
with different start orientations for balls of the same design. These occur due 
to the variations generated in lateral force, which in turn are due to 
asymmetries in seam configurations at different yaw orientations; as 
determined from wind tunnel data. Differences also occur for different spin 
rates because these alter the orientation effects, previously discussed, 
producing variations in the lateral displacement due to the lateral forces. These 
occur because the different spin rates engage with a different orientation range 
and hence different lateral coefficients from wind tunnel measurements. 
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 The flight model is an acceptable technique for assessing football designs; 
however, it is not enough in isolation and requires further statistical analysis to 
establish the overall in-flight performance based on varying seam 
configurations. The findings suggest a need to assess a number of trajectories 
using a combination of start orientations and spin rates to help identify the 
spread of data generated for different ball designs. A single flight comparison 
is not sufficient at characterising the in-flight performance of football designs 
and therefore multiple simulations were conducted and statistically analysed. 
This will enable a quantitative measure of characterising the in-flight 
performance between football designs. 
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4.0 Chapter 4 – In-flight Ball Characterisation Techniques 
4.1. Introduction 
The previous chapter has identified that the shape of ball flight trajectories are highly 
dependent on orientation and spin rate sensitivities. Two trajectories with subtle 
differences compared to the start orientation can produce completely different 
outcomes. To be able to distinguish between the in-flight performances of different 
football designs, characterisation techniques are required to analyse the shape and 
nature of multiple trajectories. Wind tunnel measurements are used in combination 
with the mathematical flight model to produce multiple trajectories based on an array 
of start orientations and low spin rates. This chapter outlines and develops proposed 
characterisation parameters that include a measure of the lateral deviation and the 
nature in which this occurs. The candidates are tested by simulating a large number of 
flights for a series of football designs. This chapter uses a very simple widely 
available panel configuration and varies the seam geometry as a single change to the 
surface roughness to demonstrate the effectiveness of the proposed parameters. 
Analysis of which proposed parameters are most useful at characterising the overall 
in-flight performance based on the results were examined. 
 
4.2. Deviation from a Central Tendency 
For a particular kicked trajectory (j) the deviation in the lateral direction (y) is 
described as the perpendicular displacement from the central tendency at each 
longitudinal point (i). The central tendency is described as the hypothetical path along 
which the ball would travel assuming no lateral forces influenced the trajectory. This 
tendency remains constant throughout the thesis, acting at 0 in the lateral axis (y-axis), 
Equation 4-1. The deviation parameters provide a quantitative measure of how the 
lateral forces alter the path of the ball. Four methods of quantifying the deviations are 
used in the following analysis, which include RMS, max, end and residuals. 
 
                          
Equation 4-1: Description of deviation 
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Figure 4-1: Example simulated trajectory identifying the longitudinal and lateral displacement for the analysis of 
End, Max and RMS deviations 
 
Figure 4-1 shows an example of a simulated trajectory where iL and Maxi are end and 
maximum deviations respectively. This process can be repeated for any number of 
kicks k. The expressions of end and maximum deviations are shown in Equation 4-2. 
 
     
      
 
   
 
                           
  
        
        
     
 
 
Equation 4-2: Mathematical representations of the End and Max lateral deviations 
 
Where 
        
        
 is the max deviation for kick (j) across longitudinal displacement 1 to 
L. A difference in magnitude between the two measures indicated that the ball would 
exhibit a change in lateral direction during the flight. The magnitude of total deviation 
for a given trajectory irrespective of lateral direction was defined as the Root Mean 
Squared (RMS) deviation shown in Equation 4-3. Where L represents the length of the 
longitudinal point in a given trajectory. This approach was chosen as it treats all 
deviations as equal regardless of the direction, providing a representation of the total 
lateral deviation that can occur. For the analysis of multiple trajectories (k) the revised 
equation of the average RMS deviation is defined in Equation 4-3. 
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Equation 4-3: Mathematical representations of the RMS and average RMS lateral deviations 
 
The residual RMS deviation parameter was calculated by identifying the initial and 
final coordinates of a kick and applying a linear fit relationship between the two points 
indicated by the dashed line in Figure 4-2. This approach was devised to identify the 
amount of in-flight deviation that may occur.  The expression used for multiple kicks 
is described in Equation 4-4 where the deviation of kick (j) from the linear line is 
calculated. 
                 
        
 
   
 
   
   
 
 
Equation 4-4: Mathematical representation of the Residual RMS lateral deviation 
 
 
Figure 4-2: Example simulated trajectory identifying the longitudinal and lateral displacement for the analysis of 
Residual RMS deviation 
 
It is suggested that each deviation measure will provide a further description of the 
possible trajectories that occur which allow for a more robust measure of 
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characterising the ball‟s in-flight performance. A study was required to identify how 
significant each parameter was at characterising a new feature of the ball‟s flight. 
 
4.3. Shape Definition  
Deviation parameters quantify the amount of lateral movement that occurs during a 
trajectory, however, a need to identify the nature in which this movement occurs was 
required. Footballs can change direction due to aerodynamic forces that act on them 
and which may be undesirable. Two methods are discussed in the following sections 
which include a method that identifies localised changes in trajectory and a novel 
description of an overall gradient change of the trajectory.    
4.3.1. Inflexion Points 
While the central tendency describes the overall lateral movement of the ball it does 
not differentiate between a flight that takes the form of a single smooth curve and one 
that has changes of direction within it; the latter may of course be significant from the 
players‟ perspective. To examine detail of the shape of the trajectory, the change of 
lateral displacement with respect to longitudinal displacement is calculated. The 1
st
 
derivative identifies the presence of a stationary point at approximately x = 22m 
(highlighted). The 2
nd
 derivative shows that this point is a horizontal inflection point. 
Thus for any individual flight the total number of inflections can be identified. In 
order to carry out the differentiation, a spline interpolation fit was applied to preserve 
the shape and avoid higher order polynomials that are sensitive to the Runge effect, 
resulting in an over prediction. An example of the trajectory of a simulated kick where 
stationary points were determined is shown in Figure 4-3 (b & c) from the change in 
lateral component compared to the change in the longitudinal component. 
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(a) 
 
                                       (b)                                                                       (c) 
Figure 4-3: (a) Example simulated trajectory identifying the longitudinal and lateral position (b) 1st derivative of 
the simulated trajectory (c) 2nd derivative of the simulated trajectory (c) 
 
A visual examination of the flight shows that a change in direction occurred during the 
trajectory. This is confirmed by Figure 4-3 (a & b), which are the 1
st
 (b) and 2
nd
 
derivatives (c) of the simulated trajectory (a) respectively and provide localised 
information. The 1
st
 derivative identifies the presence of a stationary point at 
approximately 22m in the longitudinal direction. The 2
nd
 derivative illustrates that the 
nature of this point is a horizontal inflection point. An inflection point occurs in the 
displacement data when there is a change of sign in the 2
nd
 derivative. 
This approach is a useful mathematical formulated method of identifying the presence, 
and nature of changes in the direction during flight, which is significant in predicting 
the flight path based on the players perception. The process involving inflection points 
was therefore adopted as the means of capturing differences between deviations, and 
hence describing the shape of a trajectory, within the flight characterisation software. 
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4.3.2. Auto Correlation Function (ACF) 
The method of identifying the inflection points captured localised points within the 
trajectory where a change in direction occurs, however, the limitation of this approach 
was its incapacity of capturing the essence of the total flight trajectory. Initially 
identifying an inflection was essential for characterising the in-flight performance, 
with the next process as establishing how this alters the entire flight path. A flight with 
a minor gradient change may be undetectable from a player‟s perspective and 
therefore needed to be distinguished between that of a flight with an inflection that 
significantly changes the direction the ball. A measure to determine the amount of 
change a range of inflections contribute to the flight path was required. An 
autocorrelation technique was used to determine the shape of the trajectory because it 
gave a measure of the whole flight path rather than localised points. An Auto 
Correlation Function (ACF) is a correlation coefficient between two values within the 
same variable. The average ACF is calculated using Equation 4-5 which takes the 
RMS approximation of the ACF. 
       
      
  
   
 
 
Equation 4-5: Mathematical representation of the average Auto Correlation Function (ACF) 
 
The ACF produces a range of correlation coefficient values depending on the gradient 
changes that occur within an individual flight. These vary based on the multiple 
trajectories generated from the array of start orientation and spin rates. Typically a 
correlation coefficient of > 0.7 would imply a strong correlation coefficient while a 
coefficient less that this would indicate a moderate to weak correlation (DM Stat-1). 
Based on this, trajectories are positioned into two categories, Micro and Macro 
inflections. Micro inflections are trajectories that have at least one inflection and an 
ACF of greater than 0.7, indicating minimal gradient change throughout the trajectory. 
A Macro inflection was regarded as a trajectory that produced an ACF of less than 0.7. 
The rationale behind the 0.7 correlation coefficient threshold was arbitrary, however, 
the artificial cut-off allowed for an initial investigation to take place providing further 
characterisation techniques for assessing ball in-flight performance. The method 
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remained consistent for all ball types which also allowed for a ranking process to take 
place amongst balls of varying seam configurations.  
Example trajectories based on synthesised data were used to illustrate how the Auto 
Correlation Function described the difference between trajectories that the localised 
inflection point technique would regard as equivalent. ACF‟s are calculated over a 
25m longitudinal distance which represents a typical free kick during a football game 
(Bray and Kerwin, 2003). Sample trajectories are shown in Figure 4-4 (a & b). In 
Figure 4-4 (a), both trajectories have a single horizontal inflection; one showing a 
micro inflexion (blue line ACAve = 0.934) and the other a macro inflexion (magenta 
line ACAve = 0.452). 
(a)                                                                 (b) 
 
 
Figure 4-4: Example simulated trajectories identifying the longitudinal and lateral position with a single inflection, 
high (blue solid line) and low (pink solid line) Auto Correlations Coefficients. (a) Example simulated trajectories 
identifying the longitudinal and lateral position with 4 inflections, high (blue solid line) and low (pink solid line) 
Auto Correlations Coefficients (b) 
 
Figure 4-4 (b) illustrates 2 trajectories that have 4 inflections throughout their flights; 
again one exhibits micro inflections (blue line ACAve = 0.981) and the other macro 
(magenta line ACAve = 0.518). The results presented here show that ACAve clearly 
discriminates between flights and that 0.7 is a sensible demarcation. The ACF results 
shown in Figure 4-4 illustrate there is not only a need to consider whether inflections 
occur through localised methods, but also a need to categorise how these occur in 
terms of the rate of lateral direction changes with respect to the longitudinal 
displacement. However, these shape parameters alone are insufficient at determining 
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the amount of lateral deviation that occurs for a range of trajectories. This suggests a 
need to consider both the deviation and shape parameters for an overall 
characterisation of the in-flight performance of footballs is required. 
 
4.4. Format and Prototypes 
A simple and widely available panel configuration was used to investigate the 
sensitivity of the proposed deviation and shape parameters. It is understood that 
footballs vary in seam configuration and dimensions based on the manufacturer. 
Based on this 4 prototype football designs were selected consisting of a 32 panel 
configuration with varying seam dimensions, Figure 4-5. The influence of seam 
dimensions and distribution on the generated aerodynamic forces has been identified 
(Chapter 3). These prototypes were selected to identify the sensitivity of the proposed 
characterisation techniques using varied lateral force coefficients measured during 
wind tunnel experiments for each ball type (Figure 4-6). The dimensions listed in 
Table 4-1 refer to the width and the depth, respectively of the seams. 
        
Prototypes No Panels Seam length (mm) Seam Dimensions (mm) 
32P V1 32 4200 2x1 (width x depth) 
32P V2 32 4200 1x1 
32P V3 32 4200 1x0.5 
32P V4 32 4200 0.5x0.5 
 
Table 4-1: Description of the prototypes used to demonstrate the influence of the characterisation techniques 
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Figure 4-5: 32 panel prototype design with seam dimensions 2mm width and 1mm depth 
 
 
Figure 4-6: CY against yaw orientation for the 32 panel prototypes (below mount at 30m.s
-1)  
 
It can be seen in Figure 4-6 that a reduction in seam dimensions has lead to a 
reduction in lateral coefficient through the yaw orientations measured. Multiple 
simulated trajectories were generated using the lateral coefficient data shown in 
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Figure 4-6 for each prototype in combination with a range of initial start orientations 
and low spin rates. High spinning kicks were not included for this investigation as 
they produce predictable flight trajectories (Passmore et al., 2008). The flight model 
used a vertical elevation angle of 18
o
 with an initial launch velocity of 30m.s
-1
 to 
represent a typical free kick scenario (Neilson, 2003; Bray and Kerwin, 2003).  
 
4.5. Statistical Sampling – Sample Size Implications 
Trajectories produced for multiple kicks based on orientation and spin rates can vary 
significantly. These depend on the orientation sensitivity measurements obtained 
through wind tunnel experiments. This implies subtle changes in the initial conditions 
can generate unique trajectories. In order to accurately capture the essence and hence 
population of likely trajectories based on start orientation and spin rate sensitivities, it 
was required to know how many trajectories were required. To maintain accuracy but 
reduce the quantity of the empirical data required, convergence of averaging quantities 
with increasing number of statistically independent sample points was applied. It was 
necessary to recognise and quantify the errors on the calculated statistical data to 
ensure the appropriate sample size was selected.  
An infinite number of spin rates and orientations was possible. However, data of 7200 
trajectories were generated using start orientations from ±180
o
 in 1
o
 increments and 
spin rates 0.5rpm to 10rpm in increments of 0.5rpm, provided a single value. The 
simulated RMS deviation was recorded using this process for 32P V1 and defined as 
the true mean. The orders of trajectories randomised using a random generator within 
Matlab to reduce bias. The first 3600 kicks were collected together and the average 
simulated RMS deviation calculated. The deviation from the true mean was calculated 
as the difference between true mean and the simulated RMS deviation for the sample 
size. This approach was repeated for the reduced sample sizes. Figure 4-7 illustrates 
the convergence of the sample size influence based on the deviation from the true 
mean RMS deviation from the 7200 trajectories. 
The convergence compared well with standard error estimate curves (Montgomery 
and Runger, 2003) hence it was possible to identify the minimum number of samples 
required to achieve reliable results.  
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Equation 4-6: Mathematical formula for calculating the standard error for multiple trajectories 
 
The standard error was calculated using Equation 4-6, where z is the confidence 
interval,  the standard deviation and N the sample size. In this case at a 99% 
confidence band z = 2.576. In Figure 4-7 the black solid line represents the average 
normalised RMS deviation from the true mean for each sample size.  
 
Figure 4-7: Sample size sensitivity results determined by the RMS deviation from the mean for an increase in the 
number of samples used within the flight model simulation 
 
The normalised magnitude of sample size 5 was 0.07m from the true mean deviation.  
It can be seen that the deviation of the normalised simulated RMS deviation reduced 
with an increase in sample size, where a sample size of 250 produced a magnitude of 
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0.01m from the true mean deviation. This relationship tended towards a plateau with a 
sample size of 500 or greater. The difference in magnitude between 500 and 1000 
samples equated to 0.0013m from the true mean deviation.  
The simulated flight trajectories were highly repeatable and produced identical 
trajectories for each simulation. However, they were subject to the error in the yaw 
orientation measurements that have been identified in Chapter 2. Although the wind 
tunnel and experimental procedure showed good signs of repeatability for the same 
ball tested on separate times, some variations did occur. To establish how these 
influenced the simulated flight trajectories, wind tunnel measurements of a ball were 
repeated 3 times and implemented into the flight model to observe the differences. 
Typically the values of simulated RMS were repeated within approximately 50mm. 
For simulation an order of magnitude better was required to avoid sample sensitivity, 
suggesting a maximum deviation from the true mean of 5mm is sufficient. To achieve 
this based on the data represented in Figure 4-7, a minimum of 400 trajectories were 
required. Therefore 500 trajectories based on 25 start orientations from ±180
o
, equally 
spaced in 15
o
 increments, were selected. Each orientation was coupled with 20 
different spin rates from 0.5rpm to 10rpm, in 0.5rpm increments, producing a total of 
500 slow spinning trajectories. The process repeated well for the other deviation 
parameters based on a 500 simulated trajectories, giving deviations from the true 
mean of 0.0048m, 0.0047m, and 0.0031m for the end, max and residual deviation 
parameters respectively.  
 
4.6. Results and Discussion 
4.6.1. Deviation Measures 
Figure 4-8 shows the results of the average simulated RMS deviations calculated for 
500 trajectories and for each prototype. The graphed results show clear differences in 
average simulated RMS deviations between the designs, allowing for a method to 
characterise and rank the performance based on this measure. The standard deviation 
is represented on the figure as the red line. Prototype 32P V1 had a larger seam depth 
and width relationship in contrast to prototype 32P V4 which was reflected in the 
considerable reduction in simulated RMS deviation between the two prototypes. A 
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clear trend appeared between the 32P prototypes where a reduction in seam 
dimensions led to a reduction in average simulated RMS deviation.  
 
 
Figure 4-8: Simulated flight model results of the average RMS deviation for 500 kicks with ±1 standard deviation 
(red line) for the 32 panel prototypes  
 
With a reduction in seam dimensions a similar reduction was observed in the recorded 
simulated RMS deviation for each prototype tested. It can be seen that prototype 32P 
V4 had the lowest simulated RMS deviation which tended towards an expected result 
for a smooth sphere. This occurred because the lateral coefficients generated as shown 
in Figure 4-6 were relatively small and tended towards that obtained for the smooth 
sphere. These results illustrate the mean deviation that occurred for the prototypes; 
however, it was required to investigate how the spread of data based on the 500 
trajectories varied. A measure of the spread of data for each prototype was carried out 
using a Probability Density Function (PDF) shown in Equation 4-7. The various 
characterisation methods have demonstrated their ability of distinguishing between 
subtle changes during flight trajectories. Probability Density Functions were 
calculated for each ball variant using the simulated RMS deviation values. This 
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described the relative frequencies of the different values generated from the 500 
kicked trajectories.  
     
 
     
   
 
  
   
  
 
 
Equation 4-7: Mathematical relationship to determine the Probability Density Function (PDF)  
 
The PDF gave a complete description of the probability distribution of a variable, in 
this case 500 simulated RMS deviation values. Using this approach to plot the 
relationships of PDF between the prototypes, Figure 4-9 demonstrates the variability 
in simulated RMS deviations.  
 
Figure 4-9: Simulated flight model results of the PDF against the RMS deviations for 500 kicks for the 32 panel 
prototypes 
 
It can be seen in Figure 4-9 that the probability densities follow the same trend 
observed for the mean lateral RMS deviation bar plots.  Prototype 32P V1 was more 
sensitive to orientation changes due to seam dimensions, the larger seams affected the 
lateral forces on the ball resulting in a larger spread of simulated RMS deviation. A 
trend of reduction in the peaks and encompassing a wider spread of simulated RMS 
deviation occurred from prototype 32P V1 through to prototype 32P V4. 
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4.6.2. Statistical Analysis 
A one-way analysis of variance (ANOVA) was used to determine if the differences in 
mean simulated RMS deviation between prototype designs were statistically 
significant.  A condition of ANOVA is that the data must show equal variance, where 
the Bonferroni and Tukey post-hoc analysis techniques were used. The results of the 
ANOVA, for data represented by Figure 4-8 shows evidence of variance as not 
homogenous. Owing to the large sample size n = 500, and the robust nature of the 
ANOVA a violation in the assumption of constant variance, required alternative 
ANOVA analysis techniques. From the null hypothesis the variance between means 
could be established indicating which method was appropriate at best describing the 
data sets. Using results obtained from analysis, the null hypothesis was rejected (p < 
0.05) suggesting the mean simulated RMS deviations were indifferent, therefore there 
was significant difference between ball types. Due to the lack of homogenous in 
variance, post-hoc analysis techniques of Dunnett and Games-Howell were 
implemented, showing similar trends in significance between ball types, suggesting 
either approach was sufficient. An alternative analysis technique, which does not 
assume equal variance, was a non-parametric approach using a Kruskal Wallis test. 
This method identified a similar response found in Dunnett and Games Howell, 
suggesting a significance of p < 0.05, identifying there was significant difference in 
simulated RMS deviations per ball type. Significance was taken as p < 0.05, quoted to 
2 significant figures. This statistical process is repeated through the thesis unless 
otherwise stated.  
Figure 4-8 illustrates that prototype 32P V1 produced a simulated average RMS 
deviation of 0.294m to 1 standard deviation. This is statistically larger (p < 0.001) 
than the other prototypes included in the same analysis.  Prototypes 32P V2, V3 and 
V4 produced a progressively smaller average RMS deviation at 0.237m, 0.085m and 
0.037m respectively, where the differences are statistically different (p < 0.001). 
Table 4-2 shows results collated for the other deviation parameters, End, Maximum 
and Residual RMS deviations. The magnitudes differ between the deviation 
parameters used in Table 4-2 where 32P V1 produced an average simulated RMS 
deviation of 0.294m, and for the same 500 trajectories an average End deviation of 
0.587. However, each parameter ranks the order of the prototypes used in the same 
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positions and showed similar trends in significance based on analysis of variance tests. 
A reduction in the magnitude of the measure of central tendency was consistent for all 
parameters each showing a reduction in magnitude with a reduction in seam 
dimensions.  
         
RP Mean (m) 
Name RMS End Max Residual RMS 
32P V1 0.294 0.587 0.594 0.106 
32P V2 0.237 0.486 0.491 0.087 
32P V3 0.086 0.177 0.178 0.031 
32P V4 0.037 0.078 0.078 0.014 
 
Table 4-2: Table of results of the 32 panel prototypes representing the RMS, End, Max and Residual lateral 
deviation parameters 
 
Results from the deviation parameters as shown in Table 4-2 identified that there is 
limited orthogonality, i.e. the parameters are tending to all describe the same thing. An 
equivalent ranking in the order of the prototypes is observed, therefore it is suggested 
that one parameter is required and the other parameters are superfluous. Ideally the 
fewer the number of parameters that describe as much of the trajectory as possible is 
required. Using statistical methods an approximation of the most significant variable 
to use can be established, reducing the need for other variables that provide limited 
additional information on assessing the in-flight performance of footballs. 
4.6.3. Shape Measures 
The deviation parameters identify the types of lateral deviation that occur in a given 
trajectory. Before the process of reducing the number of relevant characterisation 
parameters can take place, a study of the shape of the trajectory was required. The 
relationship between the number of inflection points present in each trajectory and 
prototype designs are shown in Table 4-3. A maximum of 4 inflection points were 
found for any prototype. The results show that each prototype design produced a 
significant percentage of inflections during its flight, although all had nearly 50% with 
no inflections. Prototype 32P V1 had the largest percentage of 1 actual inflection 
point. Prototypes 32P V3 and 32P V4 had similar percentage splits between 1 and 2 
inflections respectively. This suggests the prototypes with larger seam dimensions 
were more efficient at fixing the direction changes during the trajectory.  
                                                     Chapter 4. In-flight Ball Characterisation Techniques 
 
 
98 
 
            
RP Percentage of Inflections (%) Based on 500 Trajectories 
Name 0 1 2  3  4  
32P V1 31 38 21  7  2  
32P V2 44 33 19  3  2  
32P V3 44 21 20  8  7  
32P V4 30 25 25  12  8  
 
Table 4-3: The percentage and order of horizontal inflections that occurred for each 32 panel prototypes based on a 
multiple trajectory simulation of 500 kicks 
 
Using the average auto correlation function (ACF) results per trajectory it was 
possible to identify a definition of micro and macro inflection points. A micro 
inflection is defined as a trajectory which has at least 1 inflection; however, this 
inflection has minimal effect on the gradient of the trajectory, which is defined by the 
auto correlation coefficient. Trajectories which possessed an inflection and a high 
correlation coefficient of ≥ 0.7, were grouped as micro inflections and the reminder as 
a macro inflection. The process was repeated for trajectories that had 2, 3 and 4 
inflections. Interpretations of these results in isolation of other characteristic 
parameters can lead to subjective evaluation and care is required. Intuitively, a kick 
which has no inflections during the flight path, compared to a kick with 4 inflections, 
would be regarded as a more desirable result. However, it is not possible to distinguish 
where the trajectory has followed the central tendency or deviated away from this 
datum, hence the need for the deviation parameters to obtain an overall in-flight 
performance. The combination of micro and macro inflections with each order of 
inflections provides essential information on the performance of a ball type. To apply 
a weighting function to the data, an extensive study of the significance needs to be 
established.  
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Figure 4-10: Flight model simulated results of the percentage of flights against the number of inflections that 
occurred within a flight for the 32P V1 prototype 
 
The results from this analysis method are grouped into 5 sections on the x-axis that 
increase based on the number of inflections that occur during flight. The y-axis refers 
to the total number of inflections that were detected through the simulation, Figure 4-
10. A large proportion of the trajectories produced by prototype 32P V1 consisted of 1 
inflection, where approximately 65% of these were classed as micro inflections which 
had a high ACF suggesting minimal curvature changes occurred during the flight. 
Approximately 20% of the trajectories produced a macro inflection with low ACF, 
with the majority occurring in the 1 inflection definition group. Trajectories with 3 
and 4 inflections equate to approximately 2% of the total trajectories produced. Figure 
4-10 suggests approximately 80% of the trajectories from the original 500 produced 
either no inflection or relatively small fluctuating deviations based on the micro 
definition and could therefore, be regarded as a stable ball in flight. This analysis was 
repeated for the other 3 prototype designs shown in Figure 4-11. Variations occurred 
between these balls suggesting differences in trajectory take place. This study will 
help identify whether any sensitivity is apparent between reductions in seam volume 
within prototypes. 
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Figure 4-11: Flight model simulated results of the percentage of flights against the number of inflections that 
occurred within a flight for the 32P V2, V3 and V4 prototypes 
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The largest percentage of trajectories produced for prototype 32P V2 had no 
inflections which indicates the ball would travel in a continuous direction with no 
direction changes occurring based on the initial launch conditions. A similar 
percentage of trajectories at 44% occurred for prototype 32P V3, while prototype 32P 
V4 produced 30% of trajectories with no inflections. Approximately 11% of 
trajectories for prototypes 32P V1, V2 and V4 had a single inflection and of macro 
description, while prototype 32P V3 produced only 5%. Prototypes 32P V3 and V4 
demonstrated considerably more macro inflections for trajectories with 2, 3 and 4 
inflections present. For trajectories with 4 macro inflections these prototypes produced 
approximately 5% and 3% respectively while none occurred for prototypes 32P V1 
and V2. 
Prototypes 32P V1 and V2 produced similar trends in the distribution and percentage 
of micro and macro inflection, but varied slightly in magnitude. This was due to the 
reduction of the surface roughness present on the outer surface by a reduction in seam 
width. This however, appears to have minimal effect on the shape properties yet a 
more significant effect on the deviation measures shown in Figure 4-8. A trend is also 
apparent between prototypes 32P V3 and V4, where a similar percentage of 
trajectories with high order inflections occurred, while prototypes 32P V1 and V2 
have no inflections.  
The results from the shape parameter analysis suggest prototype 32P V2 produced the 
most consistent flight performance. This hypothesis was based on the evidence that 
the prototype produced the largest percentage of trajectories with no inflections, 
coupled with a small percentage of inflections with high orders of direction changes of 
3 and 4 inflections. The shape parameters identified that a large percentage of 
trajectories possessed an inflection and through analysis techniques, a definition of 
micro and macro inflection was established and shown as an important approach of 
characterising the shape of the trajectory. 
In order to determine which ball behaved the most favourably, it was first necessary to 
establish what was required from the in-flight performance of footballs. This is open 
to substantial debate as this is heavily dependent on the end user and from which 
perspective it is based on. The purpose of this analysis technique was to identify any 
unwanted anomalies in multiple trajectories through large gradient changes and high 
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orders of inflections. The ultimate application of this approach was to be able to 
characterise and rank the in-flight performance of various ball designs with subtle 
differences between footballs. This would require substantial efficacy data based on 
„ideal‟ flight to distinguish between acceptable tolerances, which is outside the scope 
of this project. 
4.6.4. Football Characterisations 
Both characterisation parameters, deviation and shape, are required to provide 
essential information to distinguish between variations in trajectories. The deviation 
parameter identifies the quantity of deviations, whilst the shape characteristics 
describe the manner in which the deviation occurs. Obtaining a direct link between the 
deviation and shape parameters is challenging. It is suggested, based on current 
methods used in this thesis, and without the aid of a model to apply significance to 
each parameter through extensive player trials, a unified ranking system cannot exist. 
However, through intuition, an optimum flight performance can be specified based on 
the consistency of a ball in flight. A favourable flight performance is regarded as one 
which has no simulated RMS deviation and no inflections. A flight with 1 inflection is 
more stable than one with 4 inflections likewise, micro inflections are more acceptable 
than macro inflections. Figure 4-12 shows the representation of data for the prototypes 
used in this study, illustrating the simulated RMS deviation and number of inflections. 
As the ball tends towards a single vector along the 0 inflection axis, the ball 
theoretically behaves closer to an optimum trajectory. 
A trend appeared between prototypes 32P V2 and 32P V3. Prototype 32P V4 
possessed a unique profile compared to the other prototypes. Subtraction of the micro 
inflections from the number of total inflections that occurred per variant, identify the 
contributions of the most influential parameters simulated RMS deviation and macro 
inflections, Figure 4-12. 
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Figure 4-12: Overall ball characterisation summary for the 32 panel prototypes for the number of inflections 
(excluding Micro inflections) that occurred and the RMS deviation parameter  
 
Prototype 32P V2 showed closer resemblance to an optimum trajectory than the other 
prototypes. A low percentage of trajectories had macro inflections, while it produced 
the 3
rd
 largest simulated RMS deviation. Prototypes 32P V3 and 32P V4 produce a 
larger number of high order macro inflections (2, 3 and 4) than other prototypes. It is 
not possible to identify whether simulated RMS deviation is more significant and by 
what quantity compared to 4 inflections. 
 
4.7. Cross Correlation 
To evaluate the characterisation parameters and determine the best solution for 
ranking football designs, a cross correlation approach was employed, to identify 
orthogonality between parameters, reducing the number of parameters required. 
Prototype 32P V1 was used, where 500 kicked trajectories were analysed for each of 
the deviation and shape parameters listed as variables below.  
V1 = Average RMS deviation 
V2 = Average End deviation 
V3 = Average Maximum deviation 
Ball Characterisation Excluding Micro Inflections
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32P V1 2x1mm
32P V2 1x1mm
32P V3 1x0.5mm
32P V4 0.5x0.5mm
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V4 = Average Residual RMS deviation 
V5 = Average Auto Correlation coefficients 
V6 = Inflection points 
Table 4-4 shows the cross correlation result for the characterisation parameters. 
              
 V1 V2 V3 V4 V5 V6 
V1  1.000 0.985 0.981 0.779 0.480 -0.404 
V2 0.985 1.000 0.998 0.851 0.489 -0.478 
V3 0.981 0.998 1.000 0.840 0.518 -0.481 
V4 0.779 0.851 0.840 1.000 0.166 -0.518 
V5 0.480 0.489 0.518 0.166 1.000 -0.324 
V6 -0.404 -0.478 -0.481 -0.518 -0.324 1.000 
 
Table 4-4: Table of results for the cross correlation analysis of the deviation and shape parameters 
 
The cross correlation coefficients for variables V1 to V4 (deviation parameters) show 
strong positive correlation relationships, illustrating limited orthogonality. This 
indicates there is minimal need to use all the parameters to rank the performance of 
the designs. A low positive correlation is observed between V4 and V5. Negative 
correlation coefficients between -0.518 and -0.324 are presented for V6. This indicates 
that inflection points have a degree of orthogonality when compared to the deviation 
and auto correlation parameters. An identical trend can be observed for the other 
prototypes designs used in this study.  
 
4.8. Principle Component Analysis (PCA) 
Principle Component Analysis (PCA) is a statistical technique used to identify 
patterns in data, expressing data in such a way as to highlight their similarities and 
differences referred to as multivariate analysis (Everitt and Dunn, 1991). Principle 
component analysis uses Singular Value Decomposition (SVD) to decompose a matrix 
into a set of independent basis functions. A given matrix of A of m x n positive 
integers provides the following SVD factorisation (Equation 4-8). 
               
 
    
Equation 4-8: Mathematical representation of the SVD factorisation 
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The total variance of the system is given by the diagonal variance covariance matrix, 
S, providing singular values of A. By convention they are ordered so that S1 ≥ S2≥ … 
Sn≥ 0. The columns of U and V are orthogonal matrices. The objective of the analysis 
was to ascertain the first few components that account for most of the variation in the 
original data. It is argued that if they do, then they can be used to summarise the data 
with little loss of information, thus providing a reduction in the dimensionality of the 
data, which results in a simplification of the analysis techniques required. 
Orthogonality is the key to achieving this, producing a robust solution, of truly 
independent variables. A measure of the orthogonality can be found from S; the 
system condition number is shown in Equation 4-9.  
   
  
  
 
Equation 4-9: Mathematical representation of the system condition modelling  
 
High values of   indicate a less well conditioned system (a less orthogonal solution). 
The advantage of using the system condition number is that it is independent of the 
response: hence no knowledge of the true solution is required therefore, indicating a 
model is not required. A disadvantage is it gives very limited information: one scale 
value for an entire set of variables (Hopkins, 1995). For the purpose of this study, with 
the absence of a model, producing one scalar value gave sufficient information to 
indicate the orthogonality of the system. A model cannot be applied without extensive 
perception studies on the significance of ball deviations and shape characteristics that 
relate to quantitative measures of performance. Without a model to use with the SVD 
parameter, a final relationship of variables and coefficients cannot be achieved. It 
would be misleading to propose a model without a comprehensive study of 
significance, as this would result in arbitrary results of the principle factors. However, 
SVD can be used to define orthogonality and investigate the significance between the 
deviation variables. 
4.8.1. Implementation of SVD on Deviation Variables 
A study of system condition was conducted to investigate the significance of each 
deviation variable. This was achieved by calculating the system conditioning based on 
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all deviation parameters by using Equation 4-9. Shape parameters were omitted from 
this study as the cross correlation coefficients indicated sufficient orthogonality (Table 
4-4). Including them would heavily increase the system conditioning, diluting the 
significance of the deviation variables. 
To conduct an SVD on a data set, each variable must be normalised to produce data 
whose mean is zero. Failing to normalise would cause one variable to appear much 
more significant than another, purely through the units chosen. The SVD for all 
deviation variables was calculated and the System Condition Number (SCN) 
calculated. Variable 1 was then omitted from the variables and SCN calculated. This 
process was repeated for the remaining deviation variables. The results of this study 
are represented in Table 4-5. 
            
  All Dev Variables Var1 Omitted Var2 Omitted Var3 Omitted Var4 Omitted 
 2.367 1.767 2.249 2.354 1.757 
 0.143 0.142 0.092 0.113 0.142 
 0.043 0.042 0.028 0.027 0.030 
  0.018         
SCN 134.719 42.508 81.440 86.456 57.815 
 
Table 4-5: System condition analysis for deviation parameters where repeated analysis is conducted omitting one 
variable each test 
 
Table 4-5 shows that the omission of variable 1 produced the lowest value of system 
conditioning compared to all 4 variables. This indicates that variable 1 is most 
significant at representing the response of all deviation variables over the other 
variables. Based on the findings from this chapter, the characterisation of a ball in 
flight will be measured using the simulated RMS deviation and the shape measures 
which include the ACF and number of inflection relationship. This approach will be 
used for the remaining investigation throughout this study when characterising the 
flight performance of slow rotating prototypes and footballs. 
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4.9. Summary 
 Four prototype designs were selected to examine the proposed characterisation 
techniques for assessing the in-flight performance. These prototypes were 
selected because of the simplistic design and ease of varying the seam 
dimensions, which enabled further testing and validation of the techniques 
devised for characterisation. Prototypes with larger seam dimensions are more 
efficient at fixing the direction changes during the trajectory. 
 
 Using statistical techniques, the influence of sample size on the accuracy of the 
results of aerodynamic performance has been investigated. A sample size of 
500 trajectories per ball type was selected, which showed a significant 
convergence compared to a larger number of kicks, minimising induced errors 
while still providing accurate workable data. 
 
 Deviation parameters proved essential for quantifying the magnitude a football 
moves laterally from a prescribed trajectory. An „equivalent order of ranking 
per ball type‟ was achieved for the 4 types of deviation paramters investigated. 
Cross Correlation and Principle Component Analysis indicated that the RMS 
deviation was the most significant parameter that defined and characterised the 
lateral deviation performance of different ball types. 
 
 Shape definitions have been achieved through identifying the quantity of 
inflections that occurred per trajectory and these gave a reliable measure of the 
gradient changes throughout the flight. A micro and macro inflection 
definition was achieved based on an Auto-correlation coefficient function. 
This distinguished between trajectories that had minimal gradient changes 
ACF > 0.7 (micro) and larger gradient changes ACF < 0.7 (macro). An 
overview of the novel ball characterisation techniques developed is given in 
Figure 4-13 below.  
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Figure 4-13: Flow structure of ball characterisation techniques 
 
 Intuitively an ideal trajectory will have low deviation parameters and no 
inflections.  Applying significance to the deviation and shape parameters is 
required in order to optimise the characterisation techniques proposed. An 
„ideal‟ in-flight behaviour was not attainable from the trials conducted to date 
and therefore, extensive quantitative perception data is needed through 
extensive player trials to extend this work. This will provide the functionality 
to apply significance to the deviations and shape profiles obtained, allowing 
for an improved robust measure of in-flight performance. However, this was 
beyond the scope of this project and identified as future research.  
 
 The simulated RMS deviation parameter and shape parameter based on number 
of inflections and average autocorrelation coefficient were used as the 
characterisation methods throughout the thesis. 
 
 Through a Principle Component Analysis, the system condition approach 
identify the orthogonality of the deviation parameters and which one was most 
significant at capturing the essence of the deviations that occurred in a given 
trajectory.
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5.0 Chapter 5 – The Influence of Seams 
5.1.  Introduction 
In the process of developing methods for characterising the flight performance of 
footballs a simple study of seam geometry on a 32 panel prototype was performed. 
The case study indicated the importance of seams and suggests that a more focused in 
depth study was required. The focus of this chapter is not a detailed study of the 
fundamental aerodynamic mechanisms; it is in fact a performance analysis of how 
seams at different locations change the generation of lateral forces that are important 
in determining the characteristics of the ball in flight. To achieve this, prototypes with 
varying geometric designs were used to measure their influence on the lateral 
coefficient generated which included: 
 A single seam prototype – for analysis of variation of seam dimensions 
 A multiple seams prototype – for the analysis of seams that vary in spacing. 
 Uniformly distributed seams – increase in the number of panels 
 Effects of imperfections in the seams – quality implication 
The methods employed were based on the principles described in previous chapters. 
Prototypes were used for wind tunnel tests to measure the orientation and Reynolds 
number sensitivities for use in the flight model. Characterisation techniques were then 
applied to multiple trajectories to establish the in-flight performance of particular 
designs. In the paper submitted by Passmore et al., (2008), they identified that drag 
coefficient is not the most important parameter for defining the aerodynamic 
performance of a football and that doubling of the post critical drag coefficient has 
insignificant effect on the lateral behaviour of a football in flight. 
 
5.2. Single Seam 
The single seam prototype did not represent a football design. It was used to help 
identify how surface features could alter the lateral coefficients generated due to 
orientation changes. A half great seam was devised which consisted of a single seam 
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that ran from pole to pole on one side of the ball, with seam dimensions of 2mm wide 
and 1mm deep Figure 5.1. 
 
 
Figure 5-1: Prototype design with a 2x1mm seam dimension through half the equator (Half great circle) 
 
The wind tunnel results of the single seam prototype are shown in Figure 5-2, and for 
comparative purposes, orientation results for a smooth sphere are included. Previously 
researchers have not commented on the orientation effects of a smooth sphere. It is 
clear the smooth sphere does have an effect on the lateral coefficients generated, 
although they are small and equate to a maximum of 0.07N. The forces are generated 
due to imperfections, however they are small. The smooth sphere and single seam 
prototypes produce an average CY of 0.0011 and 0.0002 respectively. This illustrates a 
good level of symmetry through the orientations investigated and provides an 
indication of test quality regarding whether the prototype produces any experimental 
anomalies. The variation between the single seam profile and the smooth sphere 
indicates that the seam influences the seam lateral coefficients generated. 
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Figure 5-2: CY against yaw angle for the half great circle prototype with seam dimensions 2x1mm compared to a 
smooth sphere (below mount at 30m.s-1) 
 
A distinct wavelength repetition is evident in the lateral coefficient for the single seam 
prototype forming two peaks and troughs at yaw orientations ±90
o
 and the other peaks 
at ±40
o
 to ±20
o
. The peaks that can be seen for the lower orientation angles could 
occur because the flow wants to follow the groove. It is postulated that if the angle is 
shallow enough relative to the flow direction, the flow is directed along the seam and 
this challenging of the fluid encourages a side force. This behaviour can be explained 
using the example of a rudder in water, where the rudder manipulates the flow with a 
change in orientation generating lateral forces that acting on the boat allowing it to 
steer. Similarly in wind tunnel experiments on a single seam prototype, the seam 
channel‟s the flow as the spheres orientation changes encouraging an asymmetric 
pressure distribution and the groove creates a cross flow which results in the 
generation of a lateral coefficient. As the single seam prototype rotates about the yaw 
axis, the seam moves away from the front stagnation point increasing the angle 
between the two. It is suggested that the increase in the pressure gradients at the 
surface of the ball in the boundary layer are too dominant to redirect the flow into the 
seam and hence have less effect on the boundary layer, generating a more symmetrical 
response over the entire surface of the prototype. 
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The two peaks can be explained by two features that alter the lateral coefficient. For a 
relatively small orientation changes relative to the onset of flow at approximately 10
o
 
to 20
o
 a rudder effect occurred as discussed. As the angle increased the effect becomes 
less dependent, however it isn‟t entirely lost as the seam is 3 dimensional. With a 
further increase in the angle the seam appears to produce enough local activity where 
added turbulence may start to influence the location of the boundary layer transition 
and separation regions. Based on the Reynolds number for the yaw orientation 
measurements (≈ 4.5x105) the state of the boundary layer is fully turbulent, where 
transition occurs at 95
o
 and separation at 120
o
 relative to the front stagnation point 
(Achenbach, 1972). The increase in the lateral coefficient observed at ±90
o
 can be 
explained by the interference with the boundary layer transition region, generating an 
asymmetry. A prototype with an identical single seam design but smaller in seam 
dimensions from 2x1mm to 1x1mm was examined, Figure 5-3. It can be seen that the 
orientation response of the prototypes are consistent with the smaller seam dimensions 
producing smaller lateral coefficients.  
 
Figure 5-3: CY against yaw angle for the half great circle prototype with seam dimensions 2x1mm and half great 
circle with 1x1mm seam dimensions (below mount at 30m.s-1) 
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The implication is important as is indicates that the mechanisms are the same, 
although the rudder and transition effects are less dominate due to the reduction in 
seam dimensions. 
5.3. Multiple Seams 
A rudder effect and an influence on the boundary layer have been identified with the 
single seam prototype. A measure of how multiple seams influence these regions is 
required to establish whether they influence the flow independently or in combination. 
The prototype consisted of 9 individual seams 2mm x 1mm in width and depth, 
respectively. Convergence of the seams occurred from pole to pole and seams were 
evenly spaced at 11.5
o
 from the equator over one quadrant of the sphere. By filling the 
seams a series of 6 tests were carried out by reducing the number of seams exposed 
until a smooth sphere was generated.  
 
(a)     (b)     (c) 
 
(d)     (e)     (f) 
Figure 5-4: (a – f): Seam filling configuration of multiple seams prototype 
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Configuration Figure 4 Seams Exposed Seam Total Spacing (o) 
1 a 1 - 9  9 11.25 
2 b 1, 3, 5, 7, 9 5 22.5 
3 c 1, 5, 9 3 45 
4 d 3, 7 2 45 
5 e 5 1 - 
6 f Smooth Sphere 0 - 
 
Table 5-1: Overview of multiple seam test procedure and description identifying the number of seams exposed per 
test and the corresponding picture from Figure 5-4 
 
A total of 6 configurations were tested to help explain how the spacing of the seams 
affected the lateral coefficient measured. Figure 5-4 illustrates the configurations used 
for this investigation, black lines indicate the seam exposed and the white indicates the 
seams filled in with body filler. The seams were numbered 1 to 9 from left to right of 
Figure 5-4. Table 5-1 provides details on the configurations used. Figure 5-5 
illustrates a schematic that identifies the start orientation, locations of the seams and 
direction of forces generated from a plan view positioned in the wind tunnel. 
 
Figure 5-5: Schematic plan view of a prototype during a yaw orientation measurement with seam positions, 
orientation and force directions labelled based on a below mounted technique 
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Figure 5-6 illustrates the changes in lateral coefficients over the range of yaw 
orientations at a wind velocity of 30m.s
-1
. All configurations show good symmetry 
about the 0
o
 yaw orientation position producing an average CY between ± 0.0022.  
         
Figure 5-6: CY against yaw angle for the multiple seam prototype including 9, 5, 3, 2, 1 seams exposed compared to 
a smooth sphere (below mount at 30m.s-1) 
 
The single seam prototype correlated well with the specially designed single seam 
prototype discussed in Section 5.2, which indicated the method of filling was 
sufficient at reducing the number of seams. It can be seen in Figure 5-6 that when 
seams were added the lateral coefficient became progressively larger, with peak lateral 
coefficients occurring at different orientations due to the rudder effect, interference 
with transition and separation or a combination of both. It is difficult to interpret these 
results very easily when grouped together, therefore a combination of prototypes are 
presented in pairs. 
Figure 5-7 compares the results for the prototypes with 1 and 3 seams exposed. The 3 
exposed seam prototype included seams 1, 5 and 9. The lateral coefficient was zero in 
the start orientation as the features were balanced on either side. A gradual increase in 
lateral coefficient occurred with an increase in orientation angle change, which was 
consistent in both positive and negative yaw orientations. This lateral coefficient was 
generated because the seams acted as a rudder due to the shallow angles, with a 
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further increase in orientation the first seam on the 3 seam prototype tended towards 
the transition region. The lateral coefficient increased further until it peaked at 
approximately ±50
o
. This was most likely due to the shallow angle of the last seams at 
5
o
 acting like a rudder while the first seam was located at 95
o
 from the front stagnation 
point that added additional turbulence to the boundary layer causing a lateral 
coefficient. The response of the 2 exposed seam prototype performed very similarly to 
the 3 exposed seam prototype. 
The effect described above occurred in the other prototypes. However, the effect was 
amplified with an increase in the number of seams present on the outer surface 
encouraging a more substantial grouping of seams and larger lateral coefficient. This 
effect can be observed when considering the prototype with 5 seams exposed 
compared to a single seam prototype, Figure 5-7. The rudder effect occurred in a 
similar manner as the prototype with 3 seams exposed, where the lateral coefficient 
progressively increases with an equivalent gradient. Due to the increased number of 
seams the rudder effect remains for a longer orientation period and was combined 
with transition effects. 
The 9 exposed seam prototype is directly compared to the single seam prototype in 
Figure 5-7 which illustrates that the 9 seam prototype produced the largest lateral 
coefficients. Due to the dense positioning of the exposed seams and effective 
roughness a greater imbalance of surface features occurred. This implies the rudder 
effect was dominant at low orientation angles and was combined with transition 
effects without a reduction in lateral coefficient. The rate at which the lateral 
coefficient reduced after the peak at approximately 95
o
, suggested sufficient energy 
remains in the boundary layer to interfere with the separation regions from this 
position to 120
o
. 
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Figure 5-7: CY against yaw angle for the multiple seam prototype including configuration 3 and 1 seams, 5 and 1 
seams, 9 and 1 seams exposed (below mount at 30m.s-1) 
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The 9 seam prototype used is not entirely representative of traditional football designs 
as they tend to possess varying levels of rotational symmetry. The purpose of this 
study was to identify how grouping of seams influence the lateral coefficients 
generated. The indication is that a greater number of grouped seams on one side of the 
football but not present on the other side generates an imbalance and encourages an 
increased lateral coefficient. 
 
5.4. Seam Density, Distribution and Orientation 
This research has identified how a single seam or a cluster of multiple seams on 
prototype balls altered the lateral force that acts with respect to yaw orientations. This 
section concentrates on how density, distribution and orientation of seams relative to 
the flow direction affect the aerodynamic performance by using a uniform 
mathematical shape known as an Icosahedron and performing a series of 
discretizations. The prototypes should present an increase in seam length through the 
discretization process while conserving the inherent design and rotational symmetry. 
An Icosahedron design was chosen as an appropriate prototype to investigate the 
aerodynamic effects due to a uniform coverage of seams in a multi-direction 
arrangement. This design minimises the likelihood of generating an unbalance seam 
distribution. Initially a 20 panel Icosahedron was chosen that best represented the 
seam length of traditional ball designs, consisting of 20 equilateral triangles. 
Following the Cartesian coordinates that defines the 12 vertices with an edge length 2, 
centred at the origin the spacing is determined as below, Equation 5-1. 
          
          
          
Equation 5-1: Mathematical representation of the golden ratio 
 
Where    
      
 
  known as the golden ratio, an irrational mathematical constant. 
This approach was applied to a sphere of 219mm in diameter. Seams were machined 
to the dimension 2x1mm, width and depth respectively. 
                                                                          Chapter 5. The Influence of Seams 
 
 
119 
 
(a)                                      (b) 
   
(c)  
 
Figure 5-8: 20 panel (a), 80 panel (b) and 320 panel (c) Icosahedrons prototype designs. 
 
It is suggested based on previous results different effects occur depending on the 
location and orientation of seams and as a consequence we might conclude that a 
small number of panels on the real ball design may not achieve or be able to balance 
out the aerodynamic forces. But with more panels there is enough of this effect taking 
place to balance out the forces generated and as a consequence this experiment was 
conducted. The triangular design meant that the seams relative to the flow direction 
appeared in multiple orientations. To understand how to minimise this effect and 
increase lateral stability during flight through design changes, each equilateral triangle 
was discretized into a further 4 equilateral triangles, resulting in an 80 panel design. 
This was repeated producing a 320 panel Icosahedron as shown in Figure 5-8 (b) and 
(c). It can be seen in Figure 5-8 that the process of increasing the number of panels 
while maintaining the fundamental design was not accurately captured with the 80 and 
320 panel prototypes. Ideally these would have been repeated but these prototypes are 
exceptionally expensive and could not be manufactured again. However, these are 
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subtle differences and are expected to have minimal effect on the aerodynamic results. 
The discretization approach was limited to three prototypes due to manufacturing 
limitations and the unlikely application for football production. The total seam lengths 
of the 20, 80 and 320 panel icosahedrons are approximately 3600mm, 7200mm and 
9000mm respectively. The Reynolds number sensitivities of the 3 Icosahedron design 
prototypes were shown in Figure 5-9 and directly compared to the smooth sphere. As 
expected a variation in drag response can be observed with an increase in seam length.  
 
Figure 5-9: CD against Reynolds number for the Icosahedron prototypes and smooth sphere (behind mount at 0
o 
orientation) 
 
Increasing the number of panels reduced the critical and trans-critical Reynolds 
number; the increase in the number of panels had a limited effect on the pre critical 
drag coefficient, however, an increase the post critical drag coefficient was observed. 
This correlates well with research conducted by Achenbach (1972). The orientation 
sensitivities of the Icosahedron prototypes are shown in Figure 5-10, representing the 
lateral coefficients with respect to yaw orientations ±145
o
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Figure 5-10: CY against yaw angle for the Icosahedron prototypes 20, 80 and 320 panels (below mount at 30m.s
-1) 
 
Figure 5-10 illustrates a repetition wavelength rate of 4 cycles through ±150
o
 for all 3 
prototypes which correlated well with the panel designs used for each prototype. The 
20 panel Icosahedron design had a rotational symmetry of 72
o
 producing 5 cycles over 
a 360
o
 range. The differences in lateral coefficient were subtle with an increase in the 
number of panels. The increase in the number of panels amplified the magnitude of 
the lateral coefficient generated. However, the characteristics appear consistent where 
an increase in the number of panel‟s resulted in an equivalent wavelength repetition 
remained at 5 cycles which indicated the underlying design remained dominated based 
on the 20 panels.  
Using this data in combination with the flight model, the in-flight performances of 
these designs were examined, illustrating the simulated RMS lateral deviation and 
shape profiles of the trajectories produced, Figure 5-11. 
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Figure 5-11: Simulated flight model results of the average RMS deviation for 500 kicks with ±1 standard deviation 
for the Icosahedron 20 panels, 80 panels and 320 panels prototypes  
 
The prototype with 20-panels produced a significantly lower simulated RMS deviation 
(p < 0.001) than prototypes consisting of an 80 and 320 panel design. The 80-panel 
Icosahedron illustrates a significantly lower RMS deviation (p < 0.001) than the 
prototype with 320 Panels. These results have shown that an increase in seam length 
produces a reduction in lateral stability. However, drag coefficient results have 
illustrated a compromise is required, to achieve the desired Reynolds number effects 
while maintaining the lateral stability. When the number of panels was increased from 
20 to 320 the average simulated RMS increased which was a result of the additional 
roughness applied to the outer surface.  
Figure 5-12 represents the shape characteristics for the 20 (a), 80 (b) and 320 (c) panel 
prototype design by identifying the number of inflections that occurred in the 500 
simulated trajectories produced during analysis. 
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Figure 5-12: Flight model simulated results of the percentage of flights against the number of inflections that 
occurred within a flight for the 20 panels, 80 panels and 320 panels prototype 
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For prototype 20 Panels, approximately 23% of the 500 simulated trajectories had 
macro inflections in contrast to 26% of macro inflection for prototype 80 Panels and 
30% for 320 Panels. These differences can be explained by the variation in the peak 
lateral coefficient observed in Figure 5-10. Few or no micro and macro inflections 
occur for the high order inflections of 3 and 4 for both 80 Panels and 320 Panels 
prototypes in contrast to 20 Panels prototype. An explanation of this can be illustrated 
by Figure 5-10 where clear peak lateral coefficients at yaw orientations ±10
 o
, ±60
o
, 
±80
o
, ±130
o
 occur for prototype 20 Panels, with rapid changes either side of this peak. 
In contrast to this the 80 and 320 Panels also have clear peaks but appear to show 
signs of a plateau, which can be seen at yaw orientation 100
 o
 to 75
o
 and 40
o
 to 10
o
. 
This reduces the rapid changes in lateral coefficient over small yaw orientations, 
reducing the amount of high order inflections that occur in a trajectory.  
An underlying performance is observed with an increase in the number of panel from 
20 to 320. It suggests the Icosahedron design is the dominate feature and the addition 
seam increase the amplitude of the lateral coefficients but occur at similar wave length 
repetitions. It cannot be stated this occurs in an infinite manner as the outcome from a 
further increase in seam density whilst maintaining the design is unknown. It is 
required to investigate how the in-flight performances of football designs vary that 
have a combination of seam configuration and effective roughness element.  
 
5.5. Football Seams 
In this section the influence of seam distribution and dimensions on aerodynamic drag 
and lateral coefficients, using prototypes with seam configurations based on football 
designs are described. Football manufacturers have produced many configurations 
especially in recent years when the novelty of designs has increased due to improved 
manufacturing and material selections. The most popular and commonly used design 
is the 32 panel known as a truncated Icosahedron consisting of 20 hexagons and 12 
pentagons. The principle of this design was based on the stable carbon atom C-60, to 
improve the sphericity of the ball and minimise material usage (SoccerBallWorld, 
2005), Figure 5-13 (a). Other novel designs include the highly successful adidas 
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Teamgeist football. This football was specifically designed for the 2006 FIFA World 
Cup and consisted of a revolutionary 14 panel configuration instead of the standard 
32, Figure 5-13 (b). It was manufactured using pre-curved outer panels thermally 
bonded together improving the overall sphericity and quality of the football. The 
Teamgeist ball comprises of two panel designs, 6 propeller shaped panels and 8 
turbine shaped panels that make up the 14 panels in total. 
                                (a)                                                                   (b) 
 (c)  
 
Figure 5-13: 32 panel (a), 14 panel (b), 20 panel (c) prototype designs 
 
Clear differences exist between the two designs. The 32 panel football consists of 
adjoining straight lines in contrast to the Teamgeist that possesses sweeping 
curvatures combining a mixture of straight lines interacting with curved profiles. The 
total seam length and effective quantity of roughness is apparent between the 32 panel 
and Teamgeist designs at approximately 4200mm and 3300mm respectively which 
equates to the Teamgeist having approximately a 20% reduction in seam length. It is 
suggested that while the total length of seams is of importance at altering the drag 
response due to the differences in roughness, a large contributing factor for 
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encouraging lateral stability based on the lateral coefficients generated, is heavily 
driven by the distribution of the seams based on their designs as demonstrated by the 
multiple seam prototype (Figure 5-6). 
Figure 5-14 presents data showing Reynolds sensitivity for prototypes designs; 
smooth sphere, 32 panels, 14 panels and 20 panels Icosahedron. The prototypes with 
seams behave in a similar manner in the critical, super-critical and trans-critical 
regimes however; variation from the Smooth Sphere occurs due to the lack of surface 
roughness elements. 
A similar trend in sub-critical regime is apparent for all prototypes excluding 14 panel 
prototype, where difference in drag coefficient for Reynolds numbers Re < 1.5x10
5
 
increases.  Large variations at this low Reynolds number are not unusual and due to 
game relevant velocities for free kicks these are not significant. The Smooth Sphere 
transitions at a higher Reynolds number with the lowest minimum drag coefficient of 
approximately 0.09 at Re = 3.4x10
5
.  
 
Figure 5-14: CD against Reynolds number for 20 panel design, 32 panel design, 14 panel design and smooth sphere 
(behind mount at 0o orientation) 
 
It can been seen from Figure 5-14 that the greater number of panels and total seam 
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panels prototype produced a minimum drag coefficient of approximately 0.124 at Re = 
2.8x10
5
. The 14 panel prototype showed a delay in transition with a critical Reynolds 
number of approximately 3.0x10
5
 and minimum drag coefficient of 0.149. The order 
of prototype designs for minimum drag coefficient in the super critical regime is 
consistent with the total seam length: 20 Panels = 3600mm, 32 Panels = 4200mm and 
14 Panels = 3300mm. The additional seam length increased the amount of roughness 
present resulting in a premature transition compared to the smooth sphere. Average 
drag coefficients for Reynolds numbers greater than 3.0x10
5
 produced 0.13, 0.16 and 
0.17 for 20 Panels, 32 Panels and 14 Panels respectively. 
The lateral coefficients are presented with respect to yaw orientation from ±90
o
 for the 
prototypes shown in Figure 5-15. A similar wavelength repetition occurred between 
designs, due to the rotational symmetry of the various designs based on the tested 
orientation (20 Panel = 60
o
, 32 Panel = 72
o
, 14 Panel = 90
o
). The variations observed 
in the amplitude and peak lateral coefficients were a result of the distribution of the 
seam profiles. The smooth sphere, 32 panel, 20 panel and 14 panel prototypes produce 
average lateral coefficients 0.0011, -0.0078, -0.0024 and 0.0124 respectively, through 
the yaw orientations tested, showing good symmetry.  
 
Figure 5-15: CY against yaw angle for the 20 panel, 32 panel and 14 panel prototypes and smooth sphere design 
(below mount at 30m.s-1) 
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The 14 panel prototype produced the largest peak lateral coefficients. This occurred 
because the nature of the design encouraged clustering of seams, for example at yaw 
orientations of approximately 15
o
 and 65
o
. These results have suggested that a 
substantial difference in aerodynamic lateral coefficients occur between designs with 
different seam distributions. This indicates that a measure of how the seam 
dimensions influence the aerodynamic response is required. 
5.5.1. The Influence of Seams Dimensions 
Using the prototypes described in Chapter 4, four 32 panel prototypes with varying 
seam dimensions were examined to distinguish how influential the seams were at 
altering the aerodynamic forces acting on the prototypes. The four prototypes had 
seams of dimensions (width x depth) 2x1mm, 1x1mm, 1x0.5mm and 0.5x0.5mm. 
These prototypes helped to identify how variations in seam dimensions affect the drag 
and lateral aerodynamic coefficients. 
 
Figure 5-16: CD against Reynolds number for the 32 panel prototypes with varied seam dimensions (2x1mm, 
1x1mm, 1x0.5mm, 0.5x0.5mm) and smooth sphere (behind mount at 0o orientation) 
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5
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at a higher Reynolds number of approximately 3.2x10
5
 and drag coefficient of 0.11. 
Finally the 0.5x0.5mm prototype, the least rough, transitions producing a drag 
coefficient of 0.085 at Reynolds number 3.4x10
5
. The drag behaviour of this 
configuration is similar to the smooth sphere, indicating the surface features and 
design have minimal effect on manipulating the boundary layer and hence influencing 
the drag coefficient. 
Prototypes with seam dimensions of 1x0.5mm and 0.5x0.5mm have an equivalent 
super and trans-critical behaviour with an average drag coefficient of approximately 
0.95 for the Reynolds number range 3.4x10
5 
< Re < 5.2x10
5
. As the seam dimensions 
increase to 1x1mm and 2x1mm, an increase in super and trans-critical drag coefficient 
occurs. Prototype 1x1mm produces a gradual increase in drag coefficient for both the 
super and trans-critical regimes, while a 2x1mm seam produces a rapid increase in the 
super-critical regime and appears to plateau in the trans-critical regime. A similar 
trend can be seen in Achenbach‟s (1974) research on rough spheres. 
 
Figure 5-17: CY against yaw angle for the 32 panel prototypes with varied seam dimensions (2x1mm, 1x1mm, 
1x0.5mm, 0.5x0.5mm) and smooth sphere (below mount at 30m.s-1) 
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dimensions of 1x1mm to 1x0.5mm. This suggests that the ratio of seam depth and 
width is significant at manipulating the boundary layer behaviour. Beasley and Camp 
(2002), identified that dimple depth was more efficient at reducing the drag coefficient 
over dimple diameter for a golf ball. The 0.5x0.5mm prototype behaves similarly to 
the smooth sphere through the yaw orientations tested, suggesting the dimensions 
were insufficient at generating an asymmetric separation. This result is desirable for 
lateral stability suggesting minimal fluctuating forces act on the ball; however, the 
drag profile tends towards a smooth sphere for game relevant velocities resulting in a 
higher drag coefficient or transition at crucial velocities. It has been identified that 
variations in seam dimensions influence the lateral forces experienced by the football. 
Also an asymmetric imbalance with regards to grouping of seams resulted in an 
increase in lateral force. It is of interest to establish whether these features in 
combination affect the in-flight performance using production footballs and prototype 
designs. 
 
5.6. Quality Implications 
5.6.1. The Influence of Manufacturing Variations 
Quality standards used for the classification of footballs have primarily focussed on 
dynamic behaviours, including shape and size retention. No standard currently exists 
for assessing the in-flight behaviour of footballs. In this section the influence of seams 
is examined to determine how their quality influences the in flight performance of 
football designs. The need for aerodynamic assessment of footballs is identified and 
two tests were devised to illustrate how manufacturing variations alter the 
aerodynamic responses. Results are presented for the first test, which investigated the 
aerodynamic behaviour of three production footballs of equivalent design. An optical 
scanning system was used to accurately capture the surface features of the balls and to 
identify the variations. The second test consisted of 5 prototypes that had identical 
seam designs but varied in the percentage of seam „defects‟. Using these controlled 
conditions it was possible to identify the influence of „defects‟ on aerodynamic 
performance. These studies build on initial work carried out previously in this chapter 
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looking at how variations in the seams alter the in-flight properties applied to football 
designs.   
The difficulty when defining quality, as a concept, is it can take many forms and is 
regarded as being highly subjective varying between the different perspectives of 
people involved in the game. The application of quality is summed up by Harvey and 
Green, (1993); “Most have an intuitive understanding of what quality means but it is 
often hard to articulate and can be a difficult concept to pin-point”. Although quality 
can be defined in many ways and contexts, there is little agreement as to what it is, 
how it can be measured, and how it relates to consumer acceptability. This can prove 
challenging when trying to devise a set of quality standards for football flight 
performance. To overcome this, mechanisms of control can be applied to the concept 
but care must be taken in applying constraints and standards without a full 
understanding of what quality means.  
5.6.2. Quality Concepts 
The search for a universal definition of quality has yielded inconsistent results. Such a 
global definition does not exist; rather, different definitions of quality are appropriate 
under different circumstances (Reeves and Bednar, 1994). Quality does not have the 
popular meaning of „best‟ in any absolute sense. It means „best‟ for certain specified 
conditions and can vary depending on the perspective of the viewer. 
Quality can be defined in many forms each possessing several advantages and 
disadvantages depending on the specific requirements. 
Quality has been defined as; 
 Value (Abbott, 1955; Feigenbaum, 1951) 
 Conformance to specifications (Gilmore, 1974; Levitt, 1972) 
 Conformance to requirements (Crosby, 1979) 
 Fitness for use (Juran, 1974, 1988) 
 Meeting and/or exceeding expectations (Groenroos, 1983; Parasuraman et al., 
(1985)). 
Juran (1951) defined a simple model of measuring quality in his quality control 
handbook in which expanded on the work conducted by Shewhart (1931). Like 
                                                                          Chapter 5. The Influence of Seams 
 
 
132 
 
Shewhart, Juran began his volume by trying to clarify the definition of quality. He 
separated quality into two components: quality of design and quality of conformance. 
Quality of Design:   
In this thesis, the quality of design relates to fundamental designs of a football. Using 
a comparison between a standard 32 panel football and the 2006 FIFA World Cup 
football the „Teamgeist‟, there are clear differences between seam length and 
configuration for each design, yet both meet FIFA quality standards. Work carried out 
in this chapter measures how the performance differs between designs irrespective of 
the inherent conditions.  
Quality of Conformance:  
This concerns the extent to which the product conforms to design specifications. For 
football performance to achieve an acceptable quality, a good design must possess 
acceptable consistency within the design, irrespective of how capable the fundamental 
design performs. This parameter is of principle interest using two experiments to 
illustrate the quality sensitivities that currently exist in footballs.  
Quality is measured most precisely when defined as conformance to specifications 
(Harvey and Green, 1993). For example if all seams present on the football are of 
2x1mm width and depth respectively it can be described as a quality ball. It is 
however, most difficult to measure quality when this is defined as excellence. This 
may lead to arbitrary measures of quality based on how much a ball deviates from a 
given path providing insufficient explanation as to what that means for quality. A 
better appreciation of differences in quality orientation should lead to development of 
improved handling systems that are more responsive to consumer desires (Shewhart, 
1931). However, to find a core of criteria for assessing quality in football 
aerodynamics it is first essential that the different concepts of quality that inform the 
preferences of different stakeholders are understood (Harvey and Green, 1993). 
An ideal ball trajectory with good lateral stability characteristics will travel along the 
central tendency with no lateral deviation. To achieve this, forces acting on the ball 
during flight must be ineffective at altering the lateral component. A reduction in seam 
dimensions and total seam length has yielded a reduction in the recorded lateral 
coefficient. However, it has also been shown that this reduction in total roughness has 
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resulted in a shift in the drag coefficient component, suggesting quality of 
conformance in isolation is insufficient at indicating an ideal in-flight performance. 
When considering future aerodynamic quality standards one must consider 
contributions from both quality of design and conformance linked to a measure of 
excellence allowing quantitative tolerances for manufacturers to adhere to. 
5.6.3. Quality Standards for Footballs 
FIFA devised a set of standards in 1996 called the Denomination Programme. The 
purpose was to standardise the quality of footballs used for elite competitors and from 
a series of laboratory based tests the football‟s performances are recorded. The tests 
include variation in mass, circumference, sphericity, water absorption, pressure loss 
and rebound performance. An acceptable range is stated for each of the parameters 
and once a sample of manufactured balls has demonstrated its ability to conform to the 
requirements the manufacturers are permitted to enter into a licensing agreement 
whereby they are able to display the FIFA hallmark on their products. In order to 
qualify for the FIFA approved designations, ball manufacturers submit 10 balls on 
which 7 denoted tests are carried out, further details of the Denominations Program 
are shown in Appendix A. The FIFA Denominations Programme focuses heavily on 
the dynamic performance of footballs. No standards currently exist for quality control 
regarding the in-flight performance of footballs.  
Using the flight model (Chapter 3) it was possible to evaluate the effects on the 
aerodynamic performance of the parameters specified by the FIFA Denominations 
Programme. A measure of final ball velocity and simulated RMS deviation was 
examined for a 32 panel football design. Using the upper and lower range specified by 
the denominations programme for the mass and circumference, resulting in a 1% 
difference in the final ball velocity and simulated RMS deviation was calculated for 
each parameter. This indicates the variations for these two parameters have minimal 
effect on the aerodynamics when considered independently. Extreme measures were 
examined using the lowest magnitude of mass and highest circumference; a further 
increase in circumference of 1.5cm was included based on the allowed range for the 
shape and size retention test. This resulted in a difference of approximately 5% in 
final ball velocity and simulated RMS deviation. This suggests that within the 
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stringent dynamic quality measures of the FIFA Denominations Programme, 
variations on the in-flight performance can be observed.  
It can be argued that measuring and quantifying the aerodynamic performance of 
footballs is extremely challenging and requires extensive player testing with state of 
the art recording equipment and analysis methods or highly accurate wind tunnels. 
More challenging still, football aerodynamics is still in its infancy with much debate 
amongst academics, regarding the establishment of key parameters that best describe 
the overall performance of ball designs through ranking and characterising. This 
indicates that it would be reckless for FIFA to introduce stringent control limits on the 
quality of the aerodynamic performance until the outcomes are better understood or 
that the objectives are firmly based on what is intended for the future of the game. A 
compromise is required in order to maintain and encourage a harmonisation between 
novel designs and ball in-flight performance.  
 
5.7. Test 1 – Variation in Manufactured Balls 
Test 1 assessed the impact on aerodynamic performance based on quality of 
conformance using 3 FIFA approved production footballs of the same design. Optical 
measurements were taken using the experimental techniques discussed in Chapter 2. 
These were used to link aerodynamic performance to physical variations present on 
the balls surface. Through visual observations differences in seam quality between the 
3 production footballs were apparent. The balls, commonly known as the Teamgeist 
were used in the 2006 FIFA World Cup and as shown in Figure 5-13 (b) consisted of a 
14 panel configuration with thermally bonded seams. 
Figure 5-18 shows the measured variations in wind tunnel measurements between the 
3 production footballs. The repeatability of the wind tunnel tests has been extensively 
investigated and shown to have produced reliable and repeatable results for various 
models (Chapter 3), therefore, the variations observed in Figure 5-18 are a result of 
manufacturing variation between the three balls investigated.  
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Figure 5-18: CY against yaw angle for 3 production Teamgeist footballs (below mount at 30m.s
-1) 
 
All 3 balls show a similar trend over the yaw orientation investigated with an inflexion 
point occurring at approximately 0
o
 producing comparable magnitudes, suggesting the 
inherent seam configuration is the main driver in determining the lateral coefficients 
generated.  
Teamgeist 1, 2 and 3 produced 0.0053, 0.0191 and 0.0102 average lateral coefficients 
respectively. However, variability between each football was observed. In the range of 
20
o
 to 50
o
 it is clear that Teamgeist 2 is significantly different to Teamgeist 1 and 3, 
presenting a sign change in lateral coefficient, indicating the force on the football acts 
in the opposite direction. This effect is explained based on published data (Watts and 
Sawyer, 1974), due to the boundary layer shifting between the front and rear of the 
seams, which in turn encourages asymmetric distribution around the football. The 
more pronounced the seam the higher the chance of the boundary layer being 
influenced, hence generating a lateral force. Variations in sphericity can also generate 
a shift in the boundary layer separation leading to an asymmetric wake behaviour and 
lateral force in the direction of the lowest pressure region. 
The variations observed in the seam dimensions coupled with potential misalignment 
of panels and build-up of adhesive material during manufacturing alters the flow 
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behaviour around the ball causing asymmetric behaviour at local areas, hence 
generating fluctuating lateral forces. These subtle variations that occur between balls 
of equivalent design generate differences in the aerodynamic forces and ultimately in-
flight performance.  
The 3 Teamgeist balls were scanned using the optical scanner described in Chapter 2. 
Scans of each ball were directly compared to a best-fit sphere through the post-
processing software. This utilised a search algorithm to minimise differences until an 
optimum best-fit solution was achieved, returning a graded deviation contour plot 
represented in mm, as shown in Figure 5-19. 
 
 
Figure 5-19: Contour deviation plot of a best fit sphere overlaid onto capture scan data of each of the 3 production 
Teamgeist footballs. Area labelled by the red circle illustrates maximum deviation from best fit sphere 
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It proved difficult to isolate exact locations of imperfections that caused the variations 
in the lateral coefficient with respect to orientation changes as shown in Figure 5-18. 
A hotspot located on the surface of Teamgeist 2 with a maximum deviation of 
approximately 0.85mm was observed in Figure 5-19, illustrated by the red circle. This 
corresponded to a similar orientation range observed in Figure 5-18 that generated a 
variation in lateral coefficient compared to the other 2 footballs.  
A similar variation occurred for Teamgeist 3 on the lower half of the football; 
however, this had minimal effect on the lateral coefficients generated. The location of 
this is within the region of support interference by the below mounted method as 
shown in Figure 2-11 through the flow visualisation technique, therefore, masking the 
effects. The results shown indicate the quality of the conformance between footballs 
and has been recognised as a good approach for establishing global imperfections and 
identifying where additional localised measurements could be taken. These 
measurements as an example can include Particle Imagery Velocimetry (PIV) 
whereby measurements are made of fluid velocity vectors. This is however, outside 
the scope of this body of work. A comparison of the scans between each football was 
desirable; however, this was unachievable as positioning the balls in the identical 
coordinate systems proved problematic resulting in misleading contour deviations. 
The manufacturing variability present in footballs based on these findings suggests a 
need to control the location of surface imperfections or „defects‟ within a design, to 
further understand the sensitivity of such features and their contributions on the 
aerodynamic performance. 
5.7.1. In-flight Performance 
Average simulated RMS deviation results for the 3 production balls, shown in Figure 
5-20, correlates well with the variations observed in the lateral coefficients from 
Figure 5-18. 
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Figure 5-20: Simulated flight model results of the average RMS deviation for 500 kicks with ±1 standard deviation 
(red line) for the 3 production Teamgeist footballs 
 
Teamgeist 1 produced a significantly higher simulated RMS deviation of 
0.518compared to Teamgeist 2 of 0.364 (p < 0.001) and Teamgeist 3 of 0.290 (p < 
0.001). RMS deviation was also significantly higher for Teamgeist 2 than Teamgeist 3 
(p < 0.001). Although the footballs were of equivalent design, these results suggest the 
variation in lateral coefficient recorded in Figure 5-18 has an influence of the lateral 
in-flight stability.  
The influence on the shape profile was investigated for each Teamgeist ball tested, 
recording the number of trajectories that have an inflection and the nature of that 
inflection as micro or macro as described in Chapter 4.  
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Figure 5-21: Overall ball characterisation summary for the 3 production Teamgeist footballs for the number of 
inflections (excluding Micro inflections) that occurred and the RMS deviation parameter  
 
All balls show variation in the shape characterisation and deviation parameters as 
shown in Figure 5-21. Teamgeist 1 produced the largest RMS deviation while 
producing the highest percentage of trajectories with no inflections. This suggests that 
the average flight path is consistent, with minimal lateral direction changes, however 
the ball finished significantly further away from the central tendency compared to 
other designs. Teamgeist 3 produced a similar percentage of trajectories with no 
inflection at approximately 60% compared to 66% for Teamgeist 1, conversely a 43% 
reduction in simulated RMS deviation was observed for Teamgeist 3. This indicates 
that the majority of the trajectories finished closer to the central tendency indicating 
an improvement in the consistency. The combined results of Teamgeist 2 suggest the 
increased number of high order inflection points of 3 and 4 occurred closer to the 
central tendency compared to Teamgeist 1 yet further away compared to Teamgeist 3. 
It is suggested both methods are required to determine overall in-flight performance of 
a design relative to its conformance of quality.  
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5.8. Test 2 – Controlled Defect 
Test 2 consisted of 5 prototypes of equivalent design that varied by an increased 
percentage of seam defects. These prototypes further assessed the impact of quality of 
conformance, simulating possible defects that may occur and also the quality of 
design by varying the seam dimensions from 2x1mm to 4x1mm. A prototype designed 
with seam dimensions of 2x1mm was defined as having no seam defects. Increasing 
the seam dimensions to 4x1mm (wide and shallow) was considered as introducing a 
seam defect. The percentage of seam defects was calculated based on the total seam 
length at 4x1mm seam dimension. Prototype 1 (Q-RP-1) has a total seam length of 
4096mm and seam dimensions of 2x1mm, therefore has 0% seam defects. Prototype 5 
(Q-RP-5) also has a seam length of 4096mm but has a seam dimension throughout the 
total seam length of 4x1mm. This equates to the prototype possessing a 100% seam 
defect. By changing portions of the seams in a given design from 2x1mm to 4x1mm 
alters the total seam defect percentage present. For this study five, 8 panel prototypes 
were used with details provided in Table 5-2. 
These dimensions were selected based on previous findings in Section 5.2 on the 
influence of seam dimensions and previous investigatory work. Through visual 
inspections of production footballs quality defects occurred at seam intersections and 
generally in local areas, sporadic across the ball. This illustrated the need to alter the 
seam dimensions in small sections throughout the design. Large defects would be 
identified in production stages and reject before reaching the public, however small 
subtle defects may potentially go undetected. Other than intuitive measures of what a 
defect is, which varies, depending on perspective, no definitive definition of football 
defects exist. Published data has identified that large surface features encourage 
asymmetric lateral forces due to the boundary layer separation shifting from the front 
to the rear of the ball feature (Watts and Sawyer, 1974). 
Work reported in Section 5.2 identified a similar trend when increasing the width of a 
single seam generated an increase in peak lateral coefficients with orientation changes. 
Surface roughness research suggested that depth was effective at altering the drag and 
lift aerodynamic components on spheres (Beasley and Camp, 2002), however, a 
shallow seam profile was more representative of a quality imperfection based on ball 
manufacturing production due to material relaxations.  
                                                                          Chapter 5. The Influence of Seams 
 
 
141 
 
          
 
Width Depth  Seam Length Defects 
  (mm) (mm) (mm) (%) 
Q-RP-1 2 1 4096 0 
Q-RP-2 2 1 4096 2 
Q-RP-3 2 1 4096 15 
Q-RP-4 2 1 4096 30 
Q-RP-5 2 1 4096 100 
 
Table 5-2: Description of prototypes used for seam defect study including seam dimensions and the seam length. 
Defect % is based on percentage of seam length affected 
 
The defects selected were 50mm in length and positioned around the ball in a manner 
that preserved a uniform spread minimises the effect of generating asymmetries and 
consequently causing a bias in the lateral force data generated. The number of 50mm 
defect lengths are totalled together to provide a measure of the total seam defect 
length and provided as a percentage. Figure 5-22(a) illustrates a prototype design in 
CAD with highlighted red and blue sections that indicate the locations of the seam 
defects, where the seam dimensions increase from 2x1mm to 4x1mm. Figure 5-22(b) 
shows a close-up visual of how the simulated glue was applied to the prototype 
affecting 2% of the total seam length.   
 
Figure 5-22: (a) Quality defects prototype CAD image that shows the location of the artificial seam defects (b) and 
prototype of location of glue build example. 
 
Figure 5-23 (a-d) illustrates the lateral coefficients with respect to yaw orientation for 
each prototype. A good level of symmetry was shown for each prototype, producing 
average lateral coefficients as follows; Q-RP-1 = -0.007 ± 0.040, Q-RP-2 = 0.000 ± 
                                                                          Chapter 5. The Influence of Seams 
 
 
142 
 
0.038, Q-RP-3 = 0.010 ± 0.075, Q-RP-4 = -0.015 ± 0.079 and Q-RP-5 = -0.004 ± 
0.083. 
(a)                                                                        (b) 
 
(c)                                                                           (d) 
Figure 5-23 (a-d): CY against yaw angle for the Seam defect prototypes (below mount at 30m.s
-1). (a) – Q-RP-1 
against Q-RP-2 (0% defect against 2% defect), (b) – Q-RP-1 against Q-RP-3 (0% defect against 15% defect), (c) – 
Q-RP-3 against Q-RP-4 (15% defect against 30% defect), (d) – Q-RP-1 against Q-RP-5 (0% defect against 100% 
defect) 
 
Prototype Q-RP-2 produced a similar response to prototype Q-RP-1. Variation in 
magnitude occurred at yaw angles of approximately -60
o
 to -40
o
. This occurred due to 
the position of the simulated glue, generating asymmetric flow behaviour, increasing 
the lateral coefficient in this orientation range Figure 5-23(a). Variations in lateral 
coefficient occurred at yaw orientation of approximately -60
o
 to -30
o
 and 20
o
 to 50
o
 
between prototypes Q-RP-1 and Q-RP-3. This variation was due to the asymmetric 
distribution of the seam defects which encouraged a difference in boundary layer 
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behaviour on either side of the prototype, Figure 5-23 (b).  Prototypes Q-RP-3 and Q-
RP-4 were directly compared to observe how a 100% increase in seam defect from 
15% to 30% would influence the lateral forces generated. 
Prototype Q-RP-3 produced a positive lateral coefficient between yaw orientations 10
o
 
and 40
o
 in contrast to prototype Q-RP-4. This anomaly was caused by the asymmetric 
distribution of the defects, resulting in direction change of the lateral component. 
The influence of quality with regards to conformance is shown between prototypes Q-
RP-1, Q-RP-3 and Q-RP-4, where small changes in dimensions as a result of defects 
resulted in a significant variation in aerodynamic forces experienced, Figure 5-23. It 
can be seen in Figure 5-23 that lateral coefficients increased significantly as the 
percentage of seam defect increased from 0% through to 100%. The variation 
observed in Figure 5-23 (d) between Q-RP-1 and Q-RP-5 illustrates the significance 
of quality defined as design where Q-RP-5 produced higher than average lateral 
coefficients. Both Q-RP-1 and Q_RP-5 prototypes have consistent seam dimensions at 
2x1mm and 4x1mm respectively, however these were compared to observe how these 
changes influenced the lateral forces generated.  
Figure 5-24 illustrates the results of the drag coefficient with respect to Reynolds 
sensitivity. Prototypes Q-RP-1, Q-RP-2 show insignificant differences in pre and post 
transitions suggesting the simulated glue producing the 2% seam defect had minimal 
effect on the drag performance. Prototypes Q-RP-3, Q-RP-4 and Q-RP-5 transition 
earlier than the other two prototypes producing a higher minimum drag coefficient. 
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Figure 5-24: CD against Reynolds number for the seam percentage defect prototypes (behind mount at 0
o 
orientation)  
  
Q-RP-1 illustrates the lowest minimum drag coefficient of approximately 0.11. This 
occurred at a higher Reynolds number compared to other prototypes, suggesting the 
increase in seam defect increased the surface roughness, which in turn encouraged 
early transition. These findings correlate well with published data where increased 
roughness encourages early transition and higher minimum drag values in the critical 
Reynolds regime (Achenbach, 1974). This identifies the need to consider the 
Reynolds number results as well as the lateral components. A compromise is required 
to establish maximum lateral stability while maintaining a drag response that does not 
significantly alter behaviour of the ball‟s flight for game relevant Reynolds numbers. 
5.8.1. In-flight Performance 
The simulated RMS deviation for all prototypes is shown in Figure 5-25. Using 
statistical measures it can be said that there was no significance between prototypes 
Q-RP-1 and Q-RP-2, however, both of these prototypes had a significantly lower 
simulated RMS deviation 0.245m and 0.250m  respectively, than Q-RP-3 0.519m (p < 
0.001), Q-RP-4 0.583m (p < 0.001) and Q-RP-5 0.636m (p < 0.001). 
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Figure 5-25: Simulated flight model results of the average RMS deviation for 500 kicks with ±1 standard deviation 
(red line) for the defect prototypes 
 
A relatively small increase in the number of seam defects between prototypes Q-RR-
1, Q-RP-2 and Q-RP-3, resulted in a rapid increase in lateral instability. Prototype Q-
RP-3 had a significantly lower RMS deviation than prototype Q-RP-4 (p < 0.05) and 
prototype Q-RP-5 (p < 0.001). A further increase of 15%, producing a total of 30% 
seam length defect for prototype Q-RP-4, showed an increase in simulated RMS 
deviation. However, this increase was minimal in comparison to prototype Q-RP-1 
and Q-RP-3. No significance in the simulated RMS deviation was observed between 
prototypes Q-RP-4 and Q-RP-5. These results suggest a limit of defect is acceptable to 
produce a favourable aerodynamic lateral performance although where an adverse 
effect can occur with small increases in the quantity of defects present. The difference 
in simulated RMS deviation between Q-RP-1 and Q-RP-5 further emphasise the trend 
observed in Figure 5-23 (a-d) on the lateral coefficient measurements. These results 
suggest football designs with consistent shallow, wide seams reduce the lateral 
stability during flight.  
A measure of the shape profile is given in figure 5-26, illustrating the total number of 
trajectories that had inflections from the original 500 trajectories. Variations in the 
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number of inflections were observed with an increase in seam defect present. 
Prototype Q-RP-1 produced approximately 43% of trajectories with 1 inflection with 
32% being as micro inflections. A total of approximately 18% of trajectories were 
macro inflections, with a small proportion as 3 and 4 inflections (3%). Approximately 
17% of trajectories produced for Q-RP-2 were described as having a macro inflection, 
while 35% generated had no inflections. For prototype Q-RP-3 approximately 21% of 
trajectories produced macro inflections. Although this increase in macro inflection 
was small, it was due to the asymmetric distribution of the seam defects encouraging 
fluctuation in the lateral deviation during flight. Approximately 18% of trajectories 
had macro inflections for prototype Q-RP-4. A 3% difference in the quantity of macro 
inflections was observed between prototypes Q-RP-3 and 4, which was due to the 
improved symmetry with an increase in surface features. Approximately 15% of 
trajectories produced had macro inflections for prototype Q-RP-5. These results 
combined with the RMS deviation shown in Figure 5-25 suggest a majority of 
trajectories had consistent flight properties due to a low percentage of inflections, 
however, finished significantly further away from the central tendency compared to 
prototype Q-RP-1.  Prototype Q-RP-3 produced the highest percentage of macro 
inflection from the 500, compared to the others tested. This can be explained because 
the small percentage of defect was sufficient enough to encourage asymmetric 
behaviour resulting in an increase chance of unpredictable flight performance. 
Prototype Q-RP-4 was similar to Q-RP-3, producing 18% of macro inflections, 
suggesting the increased defect percentage from 15% to 30% and a more even 
distribution, was capable of stabilising the flight for more trajectories than prototype 
Q-RP-3. Prototype Q-RP-2 inherently had the largest uneven distribution of defects; 
however, the defects were small enough to have limited effect on encouraging 
asymmetric behaviour as shown in Figure 5-25, with a similar simulated RMS 
deviation as prototype Q-RP-1.  
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Figure 5-26: Overall ball characterisation summary for the defect prototypes for the number of inflections 
(excluding Micro inflections) that occurred and the RMS deviation parameter 
 
5.8.2. Summary of Quality Implications 
Quality is regarded as a relative term and cannot be defined in absolute terms. This 
research has identified there is a clear difference in aerodynamic performance between 
quality of design and quality of conformance. In order to produce favourable football 
performance based on the aerodynamic contributions, it is advised to consider both. 
Test 1 illustrated the importance of quality of conformance and the need to assess the 
differences between footballs of equivalent design, arising during the production 
stage, as a mechanism for producing acceptable tolerances for ball aerodynamic 
quality standards. The results suggest there is a dependency on the ability to 
manufacture a consistent ball in terms of seam dimensions to minimise the 
unpredictable lateral deviation illustrated by variations in average simulated RMS 
deviation and shape parameters Figure 5-26.  
Footballs inherently produce complex 3-Dimensional flow fields that vary 
significantly with subtle changes to surface feature in the form of surface roughness or 
seam dimensions. Isolating exact locations and causes of the differences observed in 
lateral coefficient measurements between balls, requires detailed flow field 
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measurements through PIV and LDA techniques, which is outside the scope of this 
project 
Test 2 identified the importance of quality measures in seam dimensions as small 
changes to the seam dimensions resulted in generating large variation in lateral and 
drag coefficients. These results illustrate the influence and contributions of quality of 
design and conformance. The influence of quality of conformance has been 
demonstrated through prototypes Q-RP-1, Q-RP-2, Q-RP-3 and Q-RP-4 and has 
proved an important parameter to consider for producing a consistent flight based on 
lateral stability. This parameter is important to consider because variations in design 
due to quality of conformance issues can amplify adverse aerodynamic contributions 
leading to a further reduction in flight stability. The influence of quality of design has 
been assessed between prototypes Q-RP-1 and Q-RP5 where an increase in seam 
dimensions has shown a significant decrease in lateral stability. This suggests the need 
for further investigation and to potentially standardise seam dimensions within future 
ball quality standards to achieve consistent flight performance. 
To date, football manufacturers appear to produce seam dimensions of approximately 
2mm by 1mm in width and depth, however, little evidence has been published on how 
variations in these dimensions impact on the aerodynamic performance during flight. 
Introducing a set of standards for assessing aerodynamic performance of footballs is 
challenging and could potentially become misleading without extensive, rigorous 
measurements and criteria on which the standard is based. 
 
5.9. Summary 
 Experiments in this research showed that a single seam influenced the flow 
and manipulated the boundary layer at sensitive yaw orientations. At shallow 
angles relative to the front stagnation point a „rudder‟ effect occurred. As this 
angle increased due to the ball‟s change in orientation, the boundary layer 
transition and separation regions became influential. The location at which 
these occurred was found to agree with published data (Achenbach, 1972) 
indicating where transition and separation occurred. A reduction in seam 
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dimensions has been shown to produce a reduction in lateral force coefficients 
experienced. 
 
 A similar effect was observed for the multiple seam prototypes. An increase in 
exposed seams amplified the effect, which encouraged a greater asymmetric 
behaviour. This resulted in a larger lateral coefficient as the ball‟s orientation 
changed. This effect was minimised by increasing the spacing between 
roughness elements achieving a more uniform and symmetrical seam 
distribution through a greater range of orientation angles. 
 
 Mathematical designs in the form of Icosahedron prototypes identified the 
importance of seam density effects on the aerodynamic drag and lateral 
behaviours. A premature transition occurred for the 320 panel prototype in 
contrast to the 20 panel prototype. An increase in roughness from 20 panels to 
320 panels of equivalent seam dimensions produced an increase in simulated 
RMS lateral deviations of 0.17m to 0.33m respectively. This suggested that 
although the increased roughness alludes to a reduction in drag coefficient, as 
a result of a premature transition, a reduction in lateral stability is the 
consequence.  
 
 Results obtained from classical designs demonstrated variations in the lateral 
coefficient with respect to orientation changes, due to variations in the seam 
configurations. Results indicated that a consistent design with an evenly 
distributed seam configuration minimised the effects of seam clustering, 
reducing the lateral coefficients generated and hence improved the lateral 
stability and in-flight performance. 
 A literature search for a universal definition of quality yielded inconsistent 
results. A global definition did not appear to exist but, different definitions of 
quality, appropriate under different circumstances, did. Quality of design and 
conformance were identified for characterising the overall aspect of Quality of 
footballs. The quality of design relates to the performance of a fundamental 
design and the quality of conformance is the extent to which a product 
conforms to design specifications. For a favourable aerodynamic behaviour it 
is suggested both are required. Testing suggested a poor design yielded a poor 
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aerodynamic behaviour and a football with low quality of conformance due to 
manufacturing variations also yielded a poor performance. 
 
 A description of the current quality standards for footballs, known as the FIFA 
Denominations Programme, devised in 1996, has been assessed. However, no 
standards currently exist for the quality assurance of footballs in-flight.  There 
is a need for these standards especially because unsubstantiated and subjective 
criticism of the flight performance of footballs used in most major tournaments 
is common. 
 
 Three production footballs of equivalent design illustrated the influence of 
manufacturing variations on the in-flight performance. This further 
emphasised the need to monitor and control the performance of footballs in 
terms of their in-flight characteristics to enable harmonisation through the 
implementation of standards. However, aerodynamic research of footballs in-
flight is still in its infancy and requires more robust measures before suitable 
quality control mechanisms can be applied. 
 
 The manufacturing variation observed in the production balls used in this 
research illustrated the need to further investigate the influence of quality 
defects in a controlled manner. This was achieved using 5 prototypes of 
equivalent design that varied in the percentage of seam defect. With small 
increases in seam defect (30%) a similar in-flight performance was comparable 
to a seam design regarded as possessing 100% seam defects. 
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6.0 Chapter 6 – The Influence of Surface Roughness 
6.1. Introduction 
This chapter links the measures of surface roughness parameters achieved through 
non-dimensional analysis and statistical techniques with characterisation methods 
applied to trajectory data obtained through wind tunnel measurements. Variations in 
the drag and lateral coefficients were observed between different prototypes with 
varying seam configurations and were discussed in the previous chapter. The 
variations were due to the location and quantity of seams that act as roughness 
elements. Increasing the total seam length encourages premature transition, reducing 
the drag coefficient for earlier Reynolds number. This however, increased the lateral 
coefficients recorded.  To help describe roughness a discussion of the term is applied 
within aerodynamic experiments for assessing football designs. Non-dimensional 
analysis in the form of relative roughness and volume of roughness to the test object 
was examined. The applications of novel statistical techniques were employed for 
assessing football roughness through design variations. Prototypes with varying 
roughness levels were used to observe how these influenced the in-flight performance. 
This was achieved using two sets of prototypes that varied in roughness through 
macro (seam length) and micro (surface texture) elements in the form of seams and 
pimple and dimples respectively. This data is then used to establish an understanding 
of how surface roughness elements influence the aerodynamic behaviour of football 
designs. 
 
6.2. Roughness Effects 
Football manufacturers continue to produce an array of designs with multiple seam 
configurations and the application of micro surface texture. Often these technologies 
are applied to ball designs based on little or no empirical data. It has been already 
established that surface texture on a football improves the traction properties in wet 
conditions (Cotton, 2008). However, little is known about how surface texture affects 
the relevant aerodynamic properties. It is therefore crucial to find a balance between 
the dynamic properties without compromising the aerodynamic performance. 
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Roughness is implemented in many sports balls ranging from the „nap‟ material 
applied to tennis balls, to the micro surface texture of dimples used for golf ball 
designs. These all influence the flow behaviour and alter the in-flight properties 
(Mehta, 1985). Golf ball dimples generate discrete vortices, causing local flow 
separation. The dimples delay the occurrence of separation due to premature laminar 
to turbulent transition, resulting in a lower drag component (Bearman and Harvey, 
1976). Surface roughness can take many forms including trip arrangements such as a 
seam that encourages an early separation on one side of a ball whilst the other remains 
attached. This is used in sports such as cricket and baseball where the seam or seams 
significantly affect the flow properties over the ball encouraging laminar to turbulent 
transitions and asymmetric boundary layer separations. It is suggested that seams on a 
football act as a surface roughness, encouraging premature transition compared to a 
smooth sphere. There is a need for further characterisation techniques that describe the 
surface roughness features present on footballs more effectively. 
 
6.3. Relative Roughness 
Achenbach (1972) used a roughness parameter of kh/ds to describe the roughness 
elements, where kh referenced the height of the roughness elements and ds the size of 
the sphere. It was observed for an increase in relative roughness, the critical Reynolds 
number decreased, and both the minimum drag value and the trans-critical drag 
coefficient increased. Achenbach (1974) stated that the flow state is rather unstable 
and therefore any slight asymmetries in the geometry due to eccentricity or individual 
surface roughness would cause a local premature transition of the boundary layer. 
This approach is useful assuming that the roughness elements are evenly distributed 
over the surface of the test object. It is however limited, if the roughness elements are 
distributed sporadically, or if the roughness element dimensions vary over the surface. 
It is also insufficient in distinguishing between roughness elements of equivalent 
height but dissimilar profiles. These can present in many forms, including ovoid beads 
instead of special ones, features that protrude from the surface such as a trip wire 
arrangement compared to a recessed feature similar to a seam present on a football. 
Relative roughness measurements fail to identify the quantity or density of roughness 
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elements present on a football design.  A measure of the total roughness of footballs is 
required which takes into account seams and surface textures. Understanding how 
these influence the aerodynamic behaviour will allow for better control through design 
alterations.  
 
6.4. Roughness Ratio 
To address the limitations of relative roughness measurement in aerodynamic 
performance, additional non-dimensional parameters were investigated. A measure 
based on the ratios between the ball volume and the total volume of surface 
undulations including, seams, surface roughness and simulated seams was examined. 
Barber (2007) used this approach to calculate the roughness ratio of the dimple 
volume to ball volume for a range of hockey balls with varying numbers of dimples. 
One hockey ball with 100 dimples of depth and diameter of 0.41mm and 5.0mm 
respectively, with a ball diameter of 70.89mm, recorded a ratio of 0.0175. Based on 
these values, Barber (2007) only considered the dimple diameter, omitting the depth 
from the volume calculation, resulting in a significant increase in roughness volume 
from the reported 32.73mm
3
 to the accurate 5.37mm
3
 equating to a roughness ratio of 
0.0029. She found that an increase in roughness ratio correlated with an increase in 
minimum drag coefficient. The critical Reynolds number reduced to a minimum as the 
roughness ratio increased. An increase in dimple number and dimensions brought 
about an increase in roughness ratio. This relationship reached an upper threshold, 
above which the flow was fully turbulent and transition could not be encouraged 
further. This did not occur in a straightforward manner and therefore, the roughness 
ratio was regarded as insufficient to characterise the behaviour of the balls in isolation 
and further analysis techniques were required.   
 
6.5. Statistical Techniques 
To categorise and quantify the distribution of the roughness elements on the outer 
surface of a football including seams and surface textures, a statistical approach was 
used. Haake et al., (2007) applied a statistical measure of skewness by quantifying the 
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amount of roughness against the recorded aerodynamic drag performance. They 
concluded the traditional method of evaluating roughness kh /ds as used by Achenbach 
(1974) was unable to predict the transition from laminar to turbulent flow for different 
sports balls. An example of this is shown by Aoki et al., (2002) where golf balls with 
dimples with equivalent dimensions ranging from 104 to 504 produced the same 
relative roughness yet had different drag performances. This identified the relative 
roughness parameter as being an inadequate measure in isolation and hence providing 
insufficient detail on the amount of roughness.  
The selected method of skewness is known as a „shape‟ statistic which characterises 
the surface roughness distribution. The theory behind this application is standard, 
Whitehouse (1994). Skewness characterises the degree of asymmetry of a distribution 
around its mean. This measures the spread of surface undulations on a football 
compared to a smooth sphere. Positive skewness indicates a distribution with an 
asymmetric tail extending towards more positive values. Negative skewness indicates 
a distribution with an asymmetric tail tending toward negative values. A normal 
distribution produces a skewness value of zero. Skewness is defined by Equation 6-1. 
Skewness = 
            
       
 
Equation 6-1: Mathematical representation of the skewness parameter  
 
Here   is the mean of the distribution measured, the standard deviation is defined by   
and N is the number of data points used in the analysis. Haake (2007) plotted Recrit and 
CDmin versus skewness for Aoki‟s (2002) golf balls, a 32-panel football, and rough 
sphere from Achenbach‟s study in 1974. Figure 6-1 shows a good relationship across 
all balls, and shows that roughness „dominated by valleys‟ produced a lower Recrit than 
roughness „dominated by peaks‟. This method requires further work as the Cdmin 
versus skewness shows that the football does not follow a similar trend as the others. 
Haake (2007) suggested this was because the general composition of a football is 
made up primarily of flat panels with the occasional seam acting as a surface 
roughness element. This would result in a reduction of the boundary layer mixing and 
instead, thickening as the Reynolds number increased producing premature separation. 
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Figure 6-1: Critical Reynolds number and minimum CD vs. skewness (Haake et al.,2007) for a range of 
rough spheres, footballs and golf balls. 
 
The method proposed by Haake et al., (2007) by means of a statistical approach using 
skewness to give a normalised measure of surface shape appears to be a suitable 
method for quantifying the roughness value with the addition of the traditional 
method. However, this lacked relevance to the in-flight performance of footballs, in 
particular the lateral stabilities. Football designs currently consist of a range of seam 
configurations and varying surface finishes applied to the outer surface. It is of interest 
to identify whether the measure of skewness is a suitable parameter at distinguishing 
between the aerodynamic results obtained for prototypes with protruding and receding 
textures. This chapter extends the initial work conducted by Haake on the surface 
roughness definitions by investigating a series of prototypes that vary in seam 
dimensions and surface roughness features and quantifying the measure of roughness 
linking these to aerodynamic data and techniques used to characterise the in-flight 
performance of designs. 
In this study a measure of skewness was obtained by flattening a 2-D cross section of 
the ball‟s circumference obtained from a CAD model. The average deviation from a 
datum line returned a skewness value which incorporated the shape and density of the 
roughness elements relative to the average radius from the centre to the surface of the 
ball. A sine wave profile returned a skewness magnitude equal to zero, due to the even 
distribution of features either side of the mean datum. An example of negative 
(dimple) and positive (pimple) skewness types is illustrated in Figure 6-2. 
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Figure 6-2: Depiction of a 2-D cross section used during a skewness calculation and a description of a positive, 
negative and zero skewness value 
 
Haake et al., (2007) applied this technique to a football using 3 cross-sections in 3 
planes. The skewness ranged from -2.9 (z-axis) to -1.9 (x-axis) producing a 35% 
variation. Mathematical theory demonstrates that average quantities converge with an 
increasing number of statistically independent data points. Skewness is highly 
dependent on the sample size (Wheeler, 2004). It was unclear from his research the 
number of data points used per section to accurately describe the surface undulations. 
A measure of sample size sensitivity of data points per section and the total number of 
sections required was examined as a small sample size could produce misleading 
results. 10,000 data points was selected as the upper range of sample size available for 
calculating skewness. The results of this study are shown in Figure 6-3, where the 
number of data points is compared to the normalised skewness value calculated based 
on 10,000 data points. 
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Figure 6-3: Normalised skewness against number of data points used on a 2-D cross section measurement 
 
Figure 6-3 illustrates that as the data points reduced from 10,000 to 100 the magnitude 
of the normalised skewness varied. Using the normalised skewness of 10,000 data 
points, 100 data points produced a reading of approximately 1.025. With an increase 
in data points the difference between the skewness values gradually converged 
towards the skewness value represented by 10,000 data points. Considering the time 
required for analysis and generating results, 2,000 data points was selected as the best 
solution because the skewness value measured was within 3 counts at 1.0002. A 
measure of sample size for the number of sections required was carried out. Sections 
of the ball were taken in 10
o
 increments through an axis, producing 36 sections per 
axis. Three axes were chosen producing a total of 108 sections in total per 
investigation.  Figure 6-4 illustrates the sample size sensitivity for the number of 
sections required for a suitable compromise. 
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Figure 6-4: Deviation from true mean skewness value against number of samples to identify the influence of the 
convergence of statistical skewness data with an increase in sample size 
 
The standard error lines show the boundary of 99% confidence, where all samples 
were within the standard error boundaries. A sample size of 6 sections produced an 
average normalised deviation of approximately 0.5 of deviation from the true mean of 
skewness achieved based on 108 sample sections. A gradual reduction in deviation 
from „true mean‟ was observed with an increase in sample size. A plateau occurred 
between sample sizes of 54 sections and 36 sections indicating 36 sections as an 
appropriate sample size to characterise the skewness of the surface features and 
design. 
 
6.6. Format 
Wind tunnel tests were conducted in order to identify the influence of surface 
roughness on the Reynolds number and orientation sensitivities. Prototypes were 
mounted from behind for the Reynolds number measurements due to sting 
interference, and were mounted from below for the orientation sensitivity 
measurements. Ball flight characterisation techniques were applied to simulated 
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trajectories generated through a flight model (Chapters 3 & 4), to identify the 
significance of lateral deviations and shape variations due to roughness. A total of 500 
simulated trajectories were produced, based on 25 start orientations and 20 low spin 
rates. 
Two prototype designs were used to measure the influence of seam geometry (Test 1) 
and surface texture (Test 2). Test 1 consisted of 5 prototype designs with an 8-panel 
seam configuration with additional seams positioned in a lattice structure as shown in 
Figure 6-5. The additional seams are referred to as aero-grooves. In this thesis the 
term aero-grooves is used to describe surface roughness elements that are specifically 
positioned to alter the aerodynamic performance. They are of equivalent shape and 
dimensions and perform as a seam would. In prototype designs the aero-grooves and 
seams are manufactured in an identical procedure. For production footballs the aero-
grooves are manufactured through a vacuum formed process and used to simulate the 
presence of a real seam. The width and depth of these lattice seams varied, altering the 
total amount of roughness present. Test 2 examined the effect of micro surface texture 
using an arrangement of pimple and dimple designs.  
                                       (a)                                                   (b) 
 
Figure 6-5: (a) Lattice structure prototype with 2x1mm dimensions (b) Surface roughness prototype with 0.2mm 
pimple texture  
 
Test 2 used 7 prototypes with a consistent seam configuration of dimensions 2x1mm 
width and depth respectively. They differed in design through a dimple or pimple 
arrangement and dimensions varied from 0.2mm to 0.05mm in depth and height. 
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Details of both test configurations and seam dimensions variations are presented in 
Table 6-1. 
          
Configuration Name Seams Aero-grooves Depth 
    (mm) (mm) (mm) 
Test 1 Latt 1 2x1 2x1 N/A 
Test 1 Latt 2 2x1 1x1 N/A 
Test 1 Latt 3 2x1 1x0.2 N/A 
Test 1 Latt 4 2x1 0.2x0.2 N/A 
Test 1 Latt 5 2x1 0.2x0.05 N/A 
Test 2 0.2mm Pimple 2x1 2x1 0.2 P 
Test 2 0.1mm Pimple 2x1 2x1 0.1 P 
Test 2 0.05mm Pimple 2x1 2x1 0.05 P 
Test 2 Smooth 2x1 2x1 0 
Test 2 0.05mm Dimple 2x1 2x1 0.05 D 
Test 2 0.1mm Dimple 2x1 2x1 0.1 D 
Test 2 0.2mm Dimple 2x1 2x1 0.2 D 
 
Table 6-1: Description of Test 1 and Test 2 prototypes used in chapter 6, including seam and surface texture 
variations 
 
Surface texture was applied to prototypes with an underlying seam configuration, to 
best represent possible designs. For each prototype non-dimensional analysis was 
carried out for quantitative measure of roughness elements. These included the 
volume of roughness elements relative to prototype volume, and relative roughness.  
 
6.7. The Influence of Seam Geometry – Test 1 
Figure 6-6 presents the result of the Reynolds sensitivity measurements taken for 
prototypes with the lattice structure surface texture (Figure 6-5). Prototype Latt 1 
transitioned at approximately 1.5x10
5
, reaching a minimum drag coefficient of 0.14 
with a critical Reynolds number of Re ≈ 1.9x105. A rapid increase in drag was 
experienced in the super-critical regime until a plateau occurred in Reynolds numbers 
greater than 3.0x10
5
 at approximately 0.2. Prototype Latt 2 transitioned in a unique 
manner, between prototype Latt 1 and the other prototypes. Transition started at 
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approximately 1.7x10
5
 and reached a minimum drag coefficient of 0.11 at Re ≈ 
2.9x10
5
. A gradual increase in drag occurred for Reynolds numbers greater than Re ≈ 
2.9x10
5
 in the super and trans-critical regimes. Prototypes Latt 3, 4 and 5 appeared to 
show similarities in drag coefficient through the Reynolds number range measured. 
Transition occured at approximately 1.8x10
5
 and finished with a critical Reynolds 
number of 3.3x10
5
 with a minimum drag coefficient of 0.1; similar to prototype Latt 
2, a gradual increase in drag coefficient was experienced to a maximum of 0.17 at Re 
= 5.2x10
5
. 
 
 
Figure 6-6: CD against Reynolds number for the Lattice prototypes (behind mount at 0
o orientation) 
Figure 6-7 illustrates the orientation sensitivity measurements of the Latt prototypes 
with regards to the recorded lateral coefficients. Each prototype showed good 
symmetry at 0
o
 yaw orientation with variation occurring in the peak lateral 
coefficients.  
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Figure 6-7: CY against yaw angle for Lattice prototypes 1 through 5, additional figures of Latt 1 compared Latt 2 
and Latt 3, 4 and 5 compared to each other (below mount at 30m.s-1) 
 
Two trends have been identified from Figure 6-7 in peak lateral coefficients with 
respect to orientation sensitivities observed between the prototypes examined. 
Similarities in the magnitude of lateral coefficient occurred between Latt 1 and 2; 
however, dissimilarities occurred between the other 3 prototypes. Prototypes Latt 3, 4 
and 5 showed equivalent behaviour in lateral coefficients with respect to yaw 
orientation, which was consistent for the Reynolds number sensitivities identified in 
Figure 6-6. These results suggest the 3 prototypes (Latt 3, 4 & 5) had less influence on 
manipulating the separation which was mostly driven by the inherent seam 
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configuration of the 8 panel design. The additional roughness elements on prototype 
Latt 1 and 2 appeared to be more capable of encouraging a high order wavelength 
repetition with a change in orientation. An increase in roughness ratio produced an 
increase in the lateral coefficient with respect to orientation angles measured. 
However, minimal variation in lateral coefficient was observed for small increases of 
roughness ratio. 
6.7.1. In-flight Performance 
The in-flight performances of prototypes were assessed through the flight model, and 
a measure of simulated RMS lateral deviation (Figure 6-8) and shape characteristics 
(Figure 6-9) were recorded, based on the orientation and Reynolds sensitivity 
measurements. 
 
Figure 6-8: Simulated flight model results of the average RMS deviation for 500 kicks with ±1 standard deviation 
(red line) for the Lattice prototypes 
 
Prototype Latt 1 had an average simulated RMS deviation of 0.281m, which was 
significantly (p < 0.001) larger than prototypes Latt 2 (0.245m), Latt 3 (0.194m), Latt 
4 (0.178m) and Latt 5 (0.171m). The simulated RMS deviation of prototype Latt 2 was 
significantly (p < 0.001) larger than Latt 3, Latt 4 and Latt 5. Prototype Latt 3 had no 
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significant difference to prototypes Latt 4 and Latt 5. Latt 4 produced a significantly 
(p < 0.05) lower simulated RMS deviation than prototype Latt 5. It is suggested that an 
increase in seam depth and hence an increase in roughness volume increased the 
lateral deviation measured. 
A measure of the number of trajectories that had inflections from the 500 simulated 
flight model results based on wind tunnel data was analysed. A description of the 
macro inflections generated for the prototypes used in Test 1 is shown in Figure 6-9. 
 
Figure 6-9: Overall ball characterisation summary for the Lattice prototypes for the number of inflections 
(excluding Micro inflections) that occurred and the RMS deviation parameter 
 
Approximately 38% of trajectories for prototype Latt 1 had no inflections and 16% of 
trajectories had macro inflections. Approximately 31% of trajectories had macro 
inflections which was double the amount seen for prototype Latt 1. This increase 
occurred in contrast to Latt 1 prototype because of the difference in the gradients of 
the lateral coefficient over small yaw orientation changes, shown in Figure 6-7.  This 
was demonstrated in the region of ±10
o
 yaw orientation, with prototype Latt 2 
producing a lateral coefficient of ±0.08 in contrast to prototype Latt 2, where at 10
o
 
and -10
o
 the lateral coefficients were 0.00 and 0.02 respectively. This steep gradient 
passing through the 0 lateral coefficients and having both positive and negative 
magnitudes, encouraged direction changes that lead to macro inflections. 
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Approximately 13%, 21% and 25% of trajectories had macro inflections for 
prototypes Latt 3, 4 and 5 respectively. Prototype Latt 3 produced a smooth 
representation of lateral coefficient with respect to yaw orientations resulting in a 
lower percentage of macro inflections compared to prototypes Latt 4 and 5 of similar 
lateral coefficient behaviour.  
A comparison of relative roughness, roughness ratio, critical Reynolds number, 
minimum drag coefficient and simulated RMS deviation for each prototype is shown 
in Table 6-2. Similar to Barber (2007) findings the roughness ratio was inadequate for 
distinguishing between the roughness ratios and the critical Reynolds number and 
minimum drag coefficient recorded. However, a linear trend was observed between 
the Roughness ratio and RMS deviations as shown in Figure 6-10.  
                
Prototype Relative  Roughness Skewness Critical  Min Ave RMS 
  Roughness Ratio    Reynolds x10
5
 CD Deviation (m) 
Latt 1 4.57x10
-3
 0.045 -0.75 1.9 0.14 0.281 
Latt 2 4.57x10
-3
 0.034 -1.49 2.9 0.11 0.245 
Latt 3 9.13x10
-4
 0.025 -4.73 3.3 0.10 0.194 
Latt 4 9.13x10
-4
 0.023 -6.76 3.3 0.10 0.178 
Latt 5 2.28x10
-4
 0.022 -7.21  3.3 0.10 0.171 
 
Table 6-2: Table overview for Lattice prototypes of the relative roughness, roughness ratio, skewness, critical 
Reynolds number, min CD and average RMS deviation results 
 
Figure 6-10 illustrates the average RMS deviation with respect to roughness ratio for 
each lattice prototype, 1 through to 5. The overall trend identifies a reduction in 
roughness ratio with a reduction in the average RMS deviation. Lattice 1 had the 
largest roughness ratio due to its possession of the largest seam dimensions compared 
to the other prototypes, which in turn produced the largest average RMS deviation at 
0.281m. The design was consistent for each prototype and therefore the roughness 
ratio was a useful measure of predicting how the aerodynamic performance might 
vary with an increase in surface roughness. 
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Figure 6-10: Average RMS deviation against roughness ratio for the Lattice prototypes (Macro surface texture) 
 
The measure of skewness produced a similar trend with respect to average RMS 
deviation (Figure 6-11). The lattice structure had the overall effect of increasing the 
amount of seams. The general trend of the lattice structure was to cause a negative 
skewness, but as the structures increased in dimensions from the lowest 0.2x0.05mm 
to a maximum of 2x1mm the skewness tended towards zero. 
 
Figure 6-11: Average RMS deviation against skewness for the Lattice prototypes (Macro surface texture) 
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For these prototype designs, the relative roughness and skewness parameters indicate 
that an increase in either parameter produces an increase in average RMS deviation. 
 
6.8. The Influence of Surface Texture – Test 2 
Figure 6-12 illustrates the Reynolds sensitivity of all surface texture prototypes (Test 
2) of dimple or pimple arrangements compared to a smooth sphere and an ODT S 
prototype. This prototype had the same seam configuration as the pimple and dimple 
prototypes without a micro surface texture. All prototypes showed a premature 
transition from laminar to turbulent occurring at lower Reynolds numbers in contrast 
to the smooth sphere, due to the increase in roughness elements, which was 
significantly driven by seam design present on all the prototypes.  
 
 
Figure 6-12: CD against Reynolds number for the surface texture prototypes and smooth sphere (behind mount at 0
o 
orientation) 
 
All prototypes appeared to show transitions between a similar Reynolds number range 
of 1.5x10
5
 < Re < 1.7x10
5
. Variation between the designs occurred when transition 
has finished, which is shown between prototypes 0.2mm Pimple and ODT S. A 
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be compared to prototype ODT S which had a drag of 0.11 at Reynolds number 
3.0x10
5
. An increase in drag coefficient was observed for prototype 0.2mm pimple 
post transition in the super and trans-critical regime (Re > 3.0x10
5
). A similar 
behaviour in the super and trans-critical regimes was clear between prototypes Pimple 
0.1mm and 0.05mm and Dimple 0.05 and 0.2mm. 
                                  (a)                                                                  (b) 
  
                                                                       (c) 
 
Figure 6-13: (a) CD against Reynolds number for 0.2mm, 0.1mm and 0.05mm pimple surface texture prototypes 
(behind mount at 0o orientation), (b) CD against Reynolds number for 0.2mm, 0.1mm and 0.05mm dimple surface 
texture prototypes (behind mount at 0o orientation), (c) CD against Reynolds number for 0.2mm, pimple and 0.2mm 
dimple surface texture prototypes (behind mount at 0o orientation) 
 
The variation in Reynolds number sensitivities between the pimple surface texture 
dimensions is shown in Figure 6-13(a). Similar sub-critical behaviour was observed 
between the designs, however, the critical Reynolds number of prototype Pimple 
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13(a) for the variations in pimple dimensions, Figure 6-13(b) for the dimple 
prototypes shows close similarities. The 0.2mm Dimple prototype produced a critical 
Reynolds of approximately 2.5x10
5
 compared to 2.9x10
5
 for the dimple designs. 
Prototype 0.05mm started to transition before the others, however produced a 
shallower gradient compared to the rapid drop in drag coefficient seen for prototypes 
0.2mm and 0.1mm dimple designs between 1.5x10
5
 < Re < 2.5x10
5
. 
The Reynolds number sensitivity of equivalent surface roughness dimensions 0.2mm 
for both prototypes of Pimple and Dimple design are shown in Figure 6-13(c). The 
sub-critical regime shows similar trends between designs with the critical Reynolds 
number occurring at approximately 2.5x10
5
.  The main differences occurred in the 
super and trans-critical regime (Re > 2.5x10
5
) where an increase in drag coefficient 
was observed for the pimple prototype. This suggests the dimple surface texture was 
more efficient at maintaining and stabilising the boundary layer behaviour at high 
Reynolds numbers. The pimple design encouraged a higher trans and super critical 
drag coefficient, suggesting that boundary layer transition moves closer to the front 
stagnation point due to increased roughness. 
Figure 6-14 shows the influence of orientation angle on the development of lateral 
coefficient, showing consistent wavelength repetition for all prototypes tested. It can 
be observed that the variation of lateral coefficient was generated by the seam 
configuration with respect to a yaw orientation change as discussed by other 
researchers (Passmore et al., 2008 and Watts & Sawyer, 1974); however the presence 
of a surface texture appeared to amplify these peak lateral coefficients.  
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Figure 6-14: CY against yaw angle for the surface texture prototypes (below mount at 30m.s
-1), comparisons of 
pimple dimensions, dimple dimensions and 0.2mm pimple and 0.2mm pimple comparison 
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The lateral coefficient of prototype 0.2mm Pimple reached peak magnitude of ±0.14 at 
approximately ±140
o
 yaw orientation. In contrast to the ODT S prototype that 
recorded a peak lateral coefficient of approximately ±0.07. This suggests that an 
increase in roughness elements assist in generating greater instabilities on the lateral 
component at key orientations. The fundamental sinusoidal pattern that occurs through 
variations in yaw orientations shows features of sudden shifts in sign conventions 
observed for the lateral coefficient from a small change in yaw orientation. This 
indicates that the influence of the seams and surface roughness significantly interferes 
and affects the boundary layer flow patterns based on its orientation. Prototype 0.2mm 
Pimple illustrated a change in lateral coefficient from +0.14 to -0.11 over a 30
o
 
orientation change. 
According to the results obtained above, it is suggested that the seams and undulations 
act as additional roughness elements influencing the laminar-turbulent transition in 
terms of accelerating or decelerating the flow in the boundary layer based on the 
location of the roughness elements. Instabilities in the boundary layer may increase or 
decrease on either side of the ball based on the balance of the roughness elements, 
hence separation may occur at different locations around the ball. The shifting of the 
location of boundary layer separation causing an asymmetric flow field, induces a 
variation of the pressure distribution resulting in an imbalance and hence a lateral 
force is produced. It is suggested that these fluctuations in lateral coefficients over 
small changes in yaw orientation may result in erratic behaviour in- flight for low 
spinning, high velocity kicking scenarios. The low spin rates and consequently 
changing orientation relative to the flow direction can bring about a swerve in a kick 
as the direction in the occurring lateral coefficient alternates continuously while the 
separation points oscillate from the front to the rear of a roughness element. These 
findings have also been noted by other researchers such as Watts & Sawyer (1974) 
and Mehta (1985). Although the prototypes identified the dependence on orientation 
with respect to lateral coefficients, it is challenging to accurately make predictions on 
the in-flight performance without the aid of a simulated kick and quantitative data. 
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6.8.1. In-flight Performance  
Figure 6-15 illustrates the in-flight lateral deviations for the surface texture prototypes. 
 
Figure 6-15: Simulated flight model results of the average RMS deviation for 500 kicks with ±1 standard deviation 
(red line) for the surface texture prototypes 
 
The 0.2mm Pimple prototype had no significant difference in simulated RMS 
deviation to prototype 0.1 Pimple; (0.469m) and (0.432m) respectively. Prototype 
0.2mm Pimple had a significantly higher RMS deviation than prototypes 0.05 Pimple 
(0.302m), ODT S (0.251m), 0.05mm Dimple (0.255m), 0.1mm Dimple (0.325m) and 
0.2mm Dimple (0.402m), (p < 0.001). Prototype 0.1mm Pimple had no significant 
difference between prototype 0.2mm Pimple and Dimple designs. The 0.05mm 
Pimple prototype had a significantly higher simulated RMS deviation than prototypes 
0.05mm Dimple and ODT S (p < 0.005), and 0.2mm Dimple, yet no significance 
versus prototype 0.1mm Dimple. The simulated RMS deviation of prototypes 0.05mm 
Dimple and ODT S were not significant, however prototype ODT S was significantly 
lower than 0.1mm and 0.2mm Dimple (p < 0.001). 
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drag and lateral coefficients were observed between the pimple and dimple designs of 
varying dimensions, the similar response in the number of macro inflection that 
occurred for the pimple and dimple designs showed similarities. Approximately 17% 
and 18% of trajectories were macro inflections of 0.2mm pimple and dimple designs 
respectively. This was also the case for the 0.1mm designs at 18% and 15% for pimple 
and dimple respectively. An increase in the number of macro inflections was apparent 
for the 0.05mm dimensions with macro inflections of the pimple and dimple designs 
at 26% and 29% respectively. This increase was primarily caused because of the 
behaviour of the lateral coefficient with respect to yaw orientation, producing a more 
frequent sign change, by crossing the 0 lateral coefficients. 
 
Figure 6-16: Overall ball characterisation summary for the surface texture prototypes for the number of inflections 
(excluding Micro inflections) that occurred and the RMS deviation parameter 
 
Approximately 9000 micro surface texture features existed for each prototype used in 
Test 2. Using the ball diameter of 0.219m, the roughness volume and hence roughness 
ratio was calculated and represented in Table 6-3 alongside relative roughness and 
other statistical measures. The measures of roughness were compared to aerodynamic 
data and the in-flight lateral performance. 
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Prototype Relative  Roughness Skewness Critical  Min Ave RMS 
  Roughness Ratio   Reynolds x10
5
 CD Deviation (m) 
Pimple 0.2  9.13x10
-4
 0.0126 -2.85 2.5 0.12 0.469 
Pimple 0.1 4.57x10
-4
 0.0093 -3.02 3.0 0.11 0.432 
Pimple 0.05 2.28x10
-4
 0.0076 -3.09 3.0 0.11 0.302 
ODT S / 0.0060 -3.13 2.8 0.11 0.251 
Dimple 0.05 2.28x10
-4
 0.0076 -3.18 3.0 0.12 0.255 
Dimple 0.1 4.57x10
-4
 0.0093 -3.26 3.0 0.12 0.325 
Dimple 0.2 9.13x10
-4
 0.0126  -3.40 2.5 0.11 0.402 
 
Table 6-3: Table overview for the surface texture prototypes of the relative roughness, roughness ratio, skewness, 
critical Reynolds number, min CD and average RMS deviation results 
 
In Figure 6-17 a linear relationship can be observed between the roughness ratios with 
respect to the average RMS deviation. Here the results show similar trends to test 1 
with the Lattice prototypes, where an increase in roughness ratio produced an increase 
in average RMS deviation. The two sets of data however, produced unique trends 
based on the different levels of roughness. This suggests that this method alone is not 
sufficient at distinguishing between roughness quantities and linking to the in-flight 
performance.  
 
Figure 6-17: Average RMS deviation against roughness ratio for the surface texture prototypes (Micro surface 
texture) 
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Figure 6-18 illustrates the skewness measurements carried out on the surface texture 
prototypes. A completely ODT S sphere had a skewness value of zero. The 
introduction of a single seam or multiple seams made the skewness value negative. 
With the introduction of pimples the skewness became less negative because the 
profile was partly above and partly below the mean distribution. As the pimple 
dimensions increased from 0.05mm to 0.2mm the skewness tended to zero. 
 
Figure 6-18: Average RMS deviation against skewness for the surface texture prototypes (Micro surface texture) 
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tended to zero. This was because the dimple effect began to influence the skewness 
more as the dimple dimension increased, shifting the distribution away from the larger 
negative skewness effect where the underlining seam configuration was the 
predominate driver. This is likely to continue until the dimple effect becomes the 
dominate feature based on the surface roughness effects. 
The prototype without any additional surface features other than the fundamental 
seam configuration produced the largest negative skewness value as the seams 
encouraged a greater bias in the mean distribution over the sections taken. The 
skewness value may be affected as seam configuration varies between football 
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6.9. Summary 
 The focus of this chapter was to identify how an increase in surface roughness 
influenced the in-flight performance of prototype designs based on the 
aerodynamic data obtained for the drag and lateral coefficients. 
 
 Two approaches were examined: the influence of seams (macro surface 
features) and surface texture (micro surface features). 
 
 A detailed review of the current methods of non-dimensional analysis for the 
roughness elements has been discussed. Relative roughness used by previous 
researchers, e.g. Achenbach, (1974), has shown to be limited at distinguishing 
between density and distribution of roughness elements. 
 
 The presence of a surface texture amplified the peak lateral coefficients 
generated with respect to yaw orientation changes.  This indicates that the 
increase in roughness assists in generating greater lateral in-flight instabilities. 
 
 The main differences in drag coefficient for the pimple prototype occurred in 
the super and trans-critical regime (Re > 2.5x10
5
). This suggested the dimple 
surface texture was more efficient at maintaining and stabilising the boundary 
layer behaviour at high Reynolds numbers. The pimple design encouraged a 
higher trans and super critical drag coefficient, suggesting that the boundary 
layer transition moves closer to the front stagnation point due to the increased 
roughness.  
 
 The literature reviewed and this thesis have emphasised the limitations of 
using the non-dimensional parameter of relative roughness to characterise the 
presence of roughness elements on the outer surface of spheres. 
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 The measure of „roughness ratio‟ in this thesis was based on the quantity of 
total roughness compared to the volume of the sphere. An increase in 
roughness ratio produced an increase in average RMS deviation. These results 
indicate that the quantity of surface roughness influences the lateral 
coefficients leading to larger lateral deviations experienced by the ball in-
flight. This was regarded as insufficient at characterising the difference 
between the behaviour of football designs and therefore, indicated further 
analysis techniques were required.  
 
 A statistical approach in the form of a shape parameter, skewness was 
implemented. This measure characterised the surface roughness distribution 
and was directly linked to the in-flight performance of the football designs. 
 
 An increase in macro seam roughness produced an increase in the negative 
skewness value obtained. This was also true for the micro surface texture. 
However, the parameter was unable to differentiate between a protruding or 
recessed surface feature.  
 
 
 
 
 
         Chapter 7. Case Studies – The Development of Footballs for Major Tournaments 
 
 
178 
 
7.0 Chapter 7: Case Studies – The Development of Footballs for 
Major Tournaments   
7.1. Introduction 
Football is a spectator sport with significant corporate and media involvement. 
Prestigious tournaments including the World Cup and European championships 
generate large sums of money. Television coverage of the 2006 FIFA World Cup was 
the most extensive to date with 376 channels showing the event. The 2006 event was 
aired in a total of 43,600 broadcasts across 214 countries, generating a total coverage 
of 73,072 hours which was a 76% increase on the previous world cup in 2002. An 
impressive total cumulative television audience of 26.29 billion watched some form of 
football during the 2006 World Cup where the final, between Italy and France, had an 
audience of 715.1 million viewers worldwide (FIFA, 2007). There were high 
expectations and media coverage of how the ball performed. 
This chapter discusses two case studies that investigated the design and development 
processes carried out for the FIFA 2010 World Cup (WC) football and the 2012 UEFA 
European Championship (EC) football. Each case study and corresponding football 
design has a unique set of tailored criteria used to establishing the in-flight 
performance. The main focus of Case Study One was to improve the lateral stability in 
flight, and for Case Study Two, to encourage early transition leading to a reduction in 
drag coefficient while maintaining an acceptable level of lateral stability. Descriptions 
of novel manufacturing techniques are discussed, identifying how these encourage 
innovative football designs.  
 
7.2. Football Manufacture Seams 
Ball manufacturers traditionally use manual or machined stitching techniques to 
assemble footballs, taking over 4 hours to produce one ball and using 1,400 to 2,000 
stitches per ball (Price, 2005). This method requires skilled workers and can prove 
challenging to achieve acceptable external and in-house quality measures due to the 
variations of the manual process. In 2004 adidas part developed a novel technique of 
bonding panels together using heat, pressure and adhesive, known as thermal bonding 
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and which has been used in previous major tournaments with high success (Roteiro 
2004, Europass 2008, UEFA European Championship and Teamgeist 2006 FIFA 
World Cup). Advantages of this technique include the functionality to generate curved 
panels and the ability to control the spacing between each panel, resulting in a range 
of seam dimensions for further control of aerodynamic performance. 
Simulated Seams – ‘Aero-grooves’ 
In recent years (circa 2006) reducing the number of panels for a football design has 
been of interest to ball manufacturers. Fewer panels reduce the number of seams 
which affects the aerodynamics leading to an adverse response and instabilities in 
flight. This encourages asymmetric separation of the boundary layer due to large areas 
of seamless panels followed by clustering of seams where panels intercept. Reducing 
the roughness of a sphere (less seams) increases the Reynolds number where transition 
occurs which alters aerodynamic lateral performance for game relevant conditions 
(Achenbach, 1974).  
To overcome the issue of reducing seam length while maintaining a favourable 
aerodynamic performance for both lateral stability and drag response a novel 
technique devised by adidas was implemented into panel designs. Features known as 
„aero-grooves‟, formed by manufacturing using a vacuum forming process to mould 
surface features with equivalent dimensions of a seam was implemented into 
production footballs. The primary function of these aero-grooves was to increase the 
total equivalent seam length (roughness) to produce a similar response to a ball design 
with more panels. Within manufacturing limitations multiple aero-grooves can be 
positioned on panels which vary in dimensions. It is assumed that seams and aero-
grooves of equivalent dimensions behave in a similar manner. 
Surface roughness 
Many popular football brands apply surface texture to the ball with the primary aim of 
influencing the aerodynamics, examples include the Nike Total 90 and Puma V1.08. 
However, little is known about how these features influence the aerodynamic drag 
coefficient, lateral coefficient and spinning properties. In 2008 adidas developed a 
football for the 2008 European Championships that possessed a micro pimple surface 
texture ≈0.2mm in depth. The premise behind this technology was to improve the 
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traction properties encouraging a convergence between wet and dry conditions based 
on their dimensions, distribution and design (Cotton, 2008). Literature has shown that 
applying micro surface features to the outer surface increase the roughness of the test 
object altering the aerodynamic contributions (Achenbach, 1974). This effect was 
investigated and discussed in Chapter 6. 
3D moulding 
Most contemporary footballs are made of synthetic leather due to the improved 
control of material thickness variations and ease of manipulation of the material. 
Traditional panels are made from flat pieces which are linked together (FIFA, n.d). A 
novel technique implemented by adidas for the 2010 Jabulani ball involved producing 
3-D spherically formed TPU panels. This assists in reducing the residual stresses in 
each panel improving the sphericity of the ball post assembly. 
 
7.3. Format 
For each case study wind tunnel measurements were carried out to establish the 
Reynolds number sensitivity from 1.57x10
5 
< Re < 5.5x10
5
 (10m.s
-1
 to 35m.s
-1
) and 
Orientation sensitivity at 30m.s-1 through the orientation range of ±145
o
. The data was 
used within the flight model described in Chapter 3 with characterisation techniques 
(Chapter 4) applied to the simulated trajectories to establish the in-flight performance 
of designs. Launch conditions used for the flight model were based on an 18
o
 vertical 
launch angle with an initial velocity of 30m.s
-1
. A total of 500 trajectories were 
produced per ball variant to provide a robust statistical sample of possible trajectories 
based on 25 start orientations and 20 spin rates.  
 
7.4. Case Study 1: The 2010 FIFA World Cup Football 
Case Study 1 focused on the development of the 2010 FIFA World Cup Football for 
the tournament held in South Africa in June-July 2010. The aim of the research was to 
assist in the development stages by providing aerodynamic support using the large-
scale wind tunnel described in Chapter 2. adidas have been the official match ball 
sponsor of FIFA world cups since 1970. Stringent constraints were present throughout 
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this study to ensure the research and development of the football was completed for 
the tournament. 
The principle components of the design brief for the football are listed below: 
 8 panels construction – Octec design 
 Improved lateral stability compared to the previous FIFA 2006 World Cup 
design (Teamgeist) 
 No compromise of the drag response and Magnus effect. 
 
Additional functionality was available using novel manufacturing techniques 
including aero-groove technology, which were strategically positioned to assist in-
flight performance.  
A feature of the 2010 FIFA World Cup was the altitude variations of the 10 stadia 
used across South Africa, which ranged from sea level to a maximum of 
approximately 1700m above sea level. Above 1500m is regarded as high altitude 
(Altitude, 2010) and it was a much publicised concern that this would play a part in 
the tournament, such as physiological effects due to player fatigue caused by intense 
sport played at altitude. In 2007 FIFA implemented a ban on international games held 
over 2500m above sea level due to safety conditions, however, this was revoked in 
2008 on the premise that acclimatisation periods of 2 weeks were mandatory for 
football grounds in excess of 3000m above sea level (FIFA, 2008). Another area of 
interest was the in-flight behaviour of the football used at high altitude. For 
calculations an air density at sea level of 1.22kg.m
-3
 while at approximately 1700m 
(Soccer City, Johannesburg) a density of approximately 0.97kg.m
-3 
was used. 
Trajectory plots from wind tunnel measurements and flight model results identified 
that environmental factors such as air density variations influence the forces acting on 
a ball in flight. It was concluded that although the ball‟s flight would behave 
differently, at an altitude of approximately 1700m compared to sea level, by 
approximately 5%, this was an unavoidable part of the tournament and consistent and 
independent of ball design. Horzer et al., (2010) also carried out research into the 
effects of altitude on the in-flight performance of the official 2010 World Cup 
football. Simulated trajectories of high spinning kicks were generated using 
environmental data that corresponded to the conditions found at the stadia used during 
         Chapter 7. Case Studies – The Development of Footballs for Major Tournaments 
 
 
182 
 
the tournament. They concluded that over a 20m kick the lateral displacement at 
altitude was approximately 0.87m less than for an equivalent kick repeated at sea 
level. All future simulations carried out through the thesis are based on environmental 
conditions for sea level trajectories unless otherwise stated. 
7.4.1. Novel Designs 
Work commenced with a benchmark analysis of a 32 panel football (Ball 1) which 
was used in the 2004 UEFA European Championships known as the Roteiro and the 
2006 FIFA World Cup football, known as the Teamgeist (Ball 2). Ball 2 consisted of 
14 panels that featured curved seam lengths and a novel design that differs from 
previous football designs. It was based on two sets of panels, 6 propeller panels 
illustrated by the longitudinal panel shown in Figure 7-1, and 8 turbine panels. The 
total seam length of Ball 1 (32 Panels) was approximately 4200mm, in contrast to Ball 
2 at 3400mm. This equated to a 19% reduction in seam length and roughness, which 
was proposed to affect the in-flight performance.  
Also included in this study was a prototype football that featured an Octec 8 panel 
design (Ball 3). This was the fundamental structural design of the 2010 FIFA World 
Cup football called the Jabulani (Ball 4). Both balls consisted of two sets of curved 
panels, including 4 delta panels and 4 tripod panels. Ball 4 had the addition of aero-
grooves located on the tripod and delta panels. A continuous, smaller delta aero-
groove design was present on the delta panel. Three arched shaped aero-grooves were 
present on each tripod panel. These additional surface features led to a 95% increase 
in total seam length giving 4100mm compared to Ball 3 at 2100mm based on the 
Octec design. Work conducted in previous chapters through the application of theory 
and extensive research assisted in the development of the 2010 FIFA World Cup 
football. Multiple prototypes were used to identify the influence of the location, 
distribution and dimensions of the additional surface features required to establish the 
final football design of the 2010 FIFA World Cup ball. Table 7-1 provides an 
overview of the ball designs investigated. 
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Name 
Seams 
(mm) Seams Panels Description 
Ball 1 2x1 Bonded 32 Truncated Icosahedron - Classic design 
Ball 2 2x1 Bonded 14 
Curved panels (CP) - 2006 FIFA World Cup 
football 
Ball 3 1x0.5 Bonded 8 CP - Octec Design (OD) 
Ball 4 1x0.5 Bonded 8 
CP - OD, Aero- Grooves (2x1mm), texture 
(0.1mm) 
 
Table 7-1: Ball designs used for the World Cup 2010 benchmark case study 
   
          Ball 1(a)     Ball 2 (b) 
   
   Ball 3 (c)    Ball 4 (d) 
Figure 7-1: (a) Ball 1 – 32 panel thermally bonded panels, (b) Ball 2 – 14 panel thermally bonded panels 
(Teamgeist), (c) Ball 3 – 8 panel Octec panel configuration thermally bonded panels, (d) Ball 4 – 8 panel with 
additional artificial seams thermally bonded panels (Jabulani) used for case study,  
7.4.2. Static Results 
Results are shown for drag coefficient against Reynolds number for each of the 4 
balls, shown in Figure 7-2 using the behind mounted technique.  For comparison the 
results from Achenbach (1972) for a smooth sphere are included. All four ball designs 
showed a broadly similar overall characteristic with some differences through 
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transition and post critical drag. The sub-critical drag coefficients are similar for the 
four balls and at these low Reynolds numbers the aerodynamic loads are small and so 
had a reduced effect on the flight and gave higher proportional uncertainty. Ball 3 
(Octec) had the lowest post critical drag and it was significantly lower than Ball 4 
which had the same panel arrangement plus additional aero-grooves and a surface 
texture. This was caused by the reduction in roughness elements compared to the other 
balls, and was classed as a smoother ball design. This effect can be best represented 
by Achenbach‟s (1974) work on rough spheres who identified that a premature 
transition occurs with an increase in roughness. Ball 4 had the highest post-critical 
drag, occurring at a lower Reynolds number compared to the other balls. Although 
Ball 1 had a larger total seam length than Ball 4, the addition of the surface texture 
caused this shift in transition, increasing the overall roughness characteristics of the 
ball. The significance of these differences in post-critical drag can be assessed using a 
simulated single typical kick at 25 metres from goal with an initial speed of 30m.s
-1
. 
Ball 4 reached the goal in 0.99 seconds (s) with a final velocity of 22.5m.s
-1
, Ball 1 
0.97 sec and 24.0m.s
-1
, Ball 2 0.98s and 23.5m.s
-1
 and Ball 3 0.97s and 23.5m.s
-1
. 
These findings suggest minimal difference was observed between ball designs in 
terms of drag performance. 
 
Figure 7-2: CD against Reynolds number for the case study footballs and smooth sphere (behind mount at 0
o 
orientation) 
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The effect of low spin rates on the flight of the ball was explored by measuing the 
orientation sensitivity of the ball to investigate the lateral in-flight stability of the 
various ball designs.  Figure 7-3 shows the yaw orientation sensitivity with respect to 
the recorded lateral coefficients for each ball design. 
 
 
Figure 7-3: CY against yaw angle for the case study footballs (below mount at 30m.s
-1) 
 
It can be seen in Figure 7-3 that Ball 2 produced the largest range of lateral force 
coefficients, reaching a maximum of approximately 0.125. This occurred because the 
design of Ball 2 encouraged a grouping of seams where large areas appeared smooth 
and seam free while at other orientations the seams grouped together encouraging an 
out-of-balance lateral coefficient. This design behaved similarly to the multiple seam 
prototype seen in Section 5.3. 
Ball 1 showed higher peak lateral force coefficients than Balls 3 and 4 at certain yaw 
orientations, for example, ±110
o
. The rotational symmetry of this ball was 
approximately 72
o
, compared to 90
o
 and 120
o
 for Ball 2 and Balls 3 & 4 respectively. 
The influence of this can be seen by the wavelength repetition observed between the 
yaw orientations measured where approximately 3 complete cycles occur. As 
demonstrated in Chapter 3, a high order of wavelength repetition possessed good 
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aerodynamic attributes to increasing lateral stability in-flight. In contrast Ball 2 
appeared to complete 1 cycle from the equivalent orientations angles measured and 
produced a larger peak lateral coefficient suggesting a greater risk of lateral 
instabilities within the flight trajectories. The average lateral force coefficients over a 
yaw range ±145
o
 were -0.0049, 0.0053, -0.0259 and -0.0137 for Ball 1, Ball 2, Ball 3 
and Ball 4 respectively. While it is clear that there are differences between the balls 
indicating they are sensitive to orientation changes, as discussed in Chapter 2 it is 
challenging to determine from this raw aerodynamic drag and lateral data how the in-
flight performance varies.  
7.4.3. Ball Characterisation 
Applying the characterisation technique established in Chapter 4 to the drag and 
lateral wind tunnel data shown in Figures 7-2 and 7-3, the averaged simulated RMS 
deviation was calculated for 500 trajectories per ball type (Figure 7-4). 
 
Figure 7-4: Simulated flight model results of the average RMS deviation for 500 kicks with ±1 standard deviation 
(red line) for case study footballs 
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Ball 1 had a significantly (p < 0.001) lower RMS deviation of 0.355m compared to 
Ball 2 at 0.517m, and a significantly (p < 0.001) higher RMS deviation than Ball 3 at 
0.272m and Ball 4 at 0.180m. Ball 2 produced a significantly higher (p < 0.001) RMS 
deviation than Balls 3 and 4 with Ball 4 producing the lowest RMS deviation (p < 
0.001).  
Although Ball 1 had the most favourable orientation sensitivity wavelength repetition 
response, the seam dimensions of 2x1mm encouraged larger lateral coefficients 
compared to Ball 4 with seam dimensions of 1x0.5mm. The improvement of lateral 
stability for Ball 4 over Ball 2 is evident through a reduction in simulated RMS 
deviation. It is also worth noting the significant increase in RMS that occurred when 
the surface panel features (aero-grooves) were omitted from Ball 4 creating Ball 3 
design. Results from chapter 5 identified less panels encourage an asymmetric lateral 
behaviour resulting in increased lateral coefficients with respect to yaw orientations. 
Increasing the number of panels improves the lateral stability up to 32 panels. Once 
this is exceeded the additional surface roughness has an adverse influence on the flight 
stability as shown by the Icosahedron prototypes. This indicates there is a 
convergence between performance and amount of roughness and requires further 
investigation. The presence and positioning of the surface features encouraged a more 
consistent lateral coefficient response with orientation changes resulting in an 
improved in-flight stability. Ball 3 had the smallest total seam length and hence lowest 
roughness, however, the design and reduced seam dimensions of 1x0.5mm compared 
to Ball 2 at 2x1mm has resulted in a lower simulated RMS deviation. This result 
indicates that presence of seams can significantly alter the in-flight performance and 
adverse effects are possible if designs encourage asymmetric separations leading to 
high lateral deviations.  
A measure of the deviation has been assessed however, to establish a robust measure 
of in-flight performance a measure of the shape is also required. This was achieved by 
identifying the nature of any inflection that occurs during a flight and the severity of 
these inflections as discussed in Chapter 4.  
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(a)                                                                (b) 
 
Figure 7-5: Flight model simulated results of the percentage of flights against the number of inflections that 
occurred within a flight for Ball 1 and Ball 2 
The majority of the trajectories produced for Ball 1 either possessed no inflection or 
had a single inflection, with approximately 13% of these as macro inflections. A total 
of approximately 21% of trajectories had macro inflection tendencies (Figure 7-5 (a)). 
Ball 2 appeared to produce consistent flight performance based on the number of 
inflections, with approximately 14% of trajectories shown as having macro 
inflections. However, grouping this parameter, with the high deviation parameter the 
results suggest that although the ball produced small amounts of macro inflections the 
ball was somewhat inconsistent as large deviations were experienced (Figure 7-5 (b)). 
(a)                                                                (b) 
 
Figure 7-6: Flight model simulated results of the percentage of flights against the number of inflections that 
occurred within a flight for Ball 3 and Ball 4 
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Over 69% of trajectories for Ball 3 produced no inflections during flight, which is a 
sign of a consistent flight performance (Figure 7-6 (a)). Approximately 9% of 
trajectories were regarded as macro inflection from the total 500 trajectories, showing 
signs of consistent flight performance. However, the significant difference in drag 
response compared to the other balls shown in 7-2 suggests the position of transition 
could impact on other areas of the ball‟s flight. Approximately 47% of the trajectories 
for Ball 4 produced flight paths that had no inflections, while approximately 17% of 
the total trajectories had macro inflections (Figure 7-6 (b)). From empirical results this 
study has identified that an increase in total seam length produces an increase in the 
number of macro inflections. Further work is required to determine what tolerance 
level for directional change during flight is acceptable in order to provide clear 
guidelines for future football designs. 
A visualisation of the inflection points for each ball can be seen in Figure 7-7. The 
„ideal‟ in-flight behaviour is an elusive term and dependant on the user, however a 
favourable flight performance can be illustrated as a trajectory, which has minimal 
lateral deviation and no inflections. The brief for the 2010 FIFA World Cup football 
was to establish the highest lateral stability that is best described by the simulated 
RMS deviation. 
 
Figure 7-7: Overall ball characterisation summary for the case study footballs for the number of inflections 
(excluding Micro inflections) that occurred and the RMS deviation parameter 
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Figure 7-7 represents the contribution of all balls used for this study. It can be said 
that although a small percentage of trajectories for Ball 2 had macro inflections the 
high RMS deviation significantly skewed the data suggesting a flight performance 
which had large amounts of lateral deflections. Ball 4 produced the most favourable 
aerodynamic response compared to the other designs based on the lowest simulated 
RMS deviation and minimal difference in the shape performance (Figure 7-7). 
7.4.4. Spinning effects 
The spinning effects of the four balls are discussed. The technique used is described in 
detail in Chapter 2. Data is represented in two forms; Spin Ratio and Reynolds 
number both with respect to lateral coefficient. For each curve the Spin Ratio refers to 
a fixed Reynolds number, therefore an increasing Spin Ratio implies an increase in the 
angular velocity. The lateral coefficients experienced from high spinning experiments 
were larger than the orientation sensitivity measurements, where for Ball 4 they 
produced a peak lateral coefficient of 0.05 as shown in Figure 7-8. 
 
Figure 7-8: CY against spin ratio for Ball 4 (Reynolds numbers 1.83x10
5<Re<4.42x105 and below mount) 
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axis CY at Zero. This effect results in the ball changing direction counter to the spin 
direction. This occurs due to the difference in tangential velocity on the two sides of 
the ball, where one side is sub-critical and the other super-critical generating a reverse 
Magnus effect. The Reynolds number at which the reverse Magnus occurs at is 
1.83x10
5
 < Re < 2.43x10
5
 for spinning results coincides with the Reynolds number 
region pre and post transition for the static measurements shown in Figure 7-2. It is 
challenging to link the two precisely as the different mounting methods produce subtle 
differences due to the interference effects producing different transition points, 
therefore some caution may be required in interpreting the result. The spinning effects 
can cause an asymmetric transition on the ball, although the influence of support 
effects from a below and behind mount indicate subtle variations. Large lateral 
coefficients are observed for the lower Reynolds numbers at high spin rates. For a 
Reynolds number of 1.83x10
5
 a lateral coefficient of approximately 0.2 is achieved for 
a spin ratio of 0.4, which equates to a spin rate of 400rpm. Generating such a high spin 
rate at low longitudinal velocities would be challenging for players and therefore 
would not represent game conditions. 
For each Reynolds number curve the lowest spin ratio parameter relates to 
approximately 70rpm where the Magnus effects are still significant. This is contrary to 
work reported by Carré et al., (2005) who implemented a zero Magnus coefficient into 
their trajectory analysis calculations, yet it is clear there are differences in lateral 
coefficient for these low spin rates. It is suggested that the Magnus forces generated 
are not solely dependent on the spin ratio as they do not collapse onto a single axis. 
Therefore, the influence of the Reynolds number and spin rate are appropriate 
measures of the lateral component for high spinning effects. The results of lateral 
coefficient with respect to Reynolds number for all four balls at 100rpm and 500rpm 
are shown in Figure 7-9 and 7-10 respectively. 
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Figure 7-9: The influence of Reynolds number on CY at 100rpm for the case study balls (below mount) 
All balls show a similar trend with a reduction of lateral coefficient with a reduction in 
Reynolds number. Ball 1 with the largest seam length (4200mm) and highest 
proportion of effective roughness remains in the positive lateral coefficient range 
throughout the Reynolds number tested. Ball 2 illustrates a sign change and hence 
direction changes in the lateral coefficient experienced at Reynolds number 2.3x10
5
. 
Ball 4 shows a similar direction change at an earlier Reynolds number of 2.6x10
6
. Ball 
3 produces a low positive lateral coefficient between Reynolds numbers 3.4x10
5
 <Re 
< 4.5x10
5
 which indicates a conventional Magnus effect. However, this ball design 
spends the majority of the Reynolds with a negative lateral coefficient indicating a 
reverse Magnus effect. This occurs because the reduction in seams and roughness 
tends towards that of the response observed for a smooth sphere as identified by 
Maccoll (1928). Davies (1949) identified an equivalent trend with his investigations 
on spinning golf balls. He established balls with shallower dimples gave intermediate 
results between deep dimples and a smooth sphere. It is suggested a reverse Magnus 
would be undesirable as the lateral displacement generated from this effect is likely to 
be counter to the player‟s perception of how they would anticipate the ball to move 
and potential act to deceive the player. 
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The reverse Magnus arises when the balls‟ tangential velocity is such that transition is 
instigated on one side of the ball and delayed on the other. This indicates that the ball 
will produce a lateral movement in the opposite direction to the conventional Magnus 
effect or resists this effect and straighten. This result emphasises the need for other 
characterising techniques previously discussed, where Ball 3 possessed good low spin 
characteristics producing the lowest simulate RMS deviation. Ball 4 produced a 
negative lateral coefficient at Reynolds 2.6x10
5
, which equates to a longitudinal 
velocity of approximately 17m.s
-1
. This is significantly low compared to the velocities 
generated by professional players for free kicks closer to 34m.s
-1
 (Neilson, 2003). 
 
Figure 7-10: The influence of Reynolds number on CY at 500rpm for the case study balls (below mount) 
At the high rotational spin rates of 500rpm Balls 1, 2 and 4 show similarities with the 
lateral coefficient ranging from 0.23 to 0.28 at Reynolds number 1.5x10
5
 and 0.18 to 
0.24 at Reynolds number 4.5x10
5
. Ball 3 produced a unique lateral coefficient of 0.3 
to 0.03 over the Reynolds numbers 1.5x10
5
 < Re < 4.5x10
5
. This variation occurs due 
to the variation in the surface features present on the outer surface behaving closer to a 
smooth sphere than the other ball designs. Davies (1949) identified that although a 
positive lift coefficient of approximately 0.03 was recorded for a smooth ball at spin 
ratios 0.4, this was considerably lower than the lift coefficient of standard golf balls at 
0.25 for an equivalent spin ratio.  
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Neilson (2003) and Asia & Akatsuka (1998) identified through player testing that a 
longitudinal velocity of approximately 24m.s
-1
 at a spin rate of 500rpm was 
achievable. This equates to a Reynolds number of approximately 3.6x10
5
. The order 
of the magnitudes and ranking of the balls based on the lateral coefficient generated at 
this Reynolds number are consistent with the total seam length and therefore the 
amount of roughness present. Comparing the results of Ball 1 and Ball 3 shows the 
importance of the inclusion of features on the balls surface. It can be stated from this 
that it is the general roughness of the surface that is required to generate sufficient 
circulation to instigate the associated Magnus effects. Results suggest the reduction in 
seams reduce the lateral force experienced, which would result in less lateral 
deviation. For spinning kicks this effect is less desirable for players as this approach is 
used to curve and manipulate the trajectory and smoother balls have less control. The 
flight model was used to simulate trajectories using the spinning data to identify the 
significance of the lateral coefficients generated and the implication of the Magnus 
force on the altered trajectories generated, Figure 7-11. The RMS deviation of the 
flight was taken and correlated against initial spin rates. Due to the nature of the 
spinning effects, repeated trajectories are not required as start orientation do not alter 
the trajectories producing repeatable results. 
 
Figure 7-11: The influence of spin rate on RMS deviation for case study balls (below mount) 
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From these results it can be seen that significant variations between the balls are 
demonstrated. The order of the simulated RMS deviations for all spin rates are ranked 
as equivalent based on the post-critical Reynolds number, which has been shown by 
Achenbach (1972) to be directly influenced by the outer surface roughness. This 
confirms the understanding that the general surface roughness through seams and 
surface texture generates the circulation around the ball. 
A player who uses different ball designs in training versus in the match or at club level 
versus international level is likely to experience differences based on the design and 
level of roughness present. This further reinforces the need to form some 
standardisations that assess the ball performance to ensure harmonisation of the ball‟s 
repeat performance. The assumption that zero spin would produce zero deviation 
makes intuitive sense, yet the data indicates otherwise. While it cannot be true that 
zero circulation produces a lateral force, these results demonstrate the influence and 
validity of the earlier work based on the effects generated through orientation changes 
at very low spin rates. Additional work is required to establish where this cross over 
occurs between the two established flow mechanisms. It is recognised the spinning 
performance of footballs is an important part of the game; however the primary focus 
of this thesis is concerned with the static measurements for low rotating footballs. 
7.4.5. Summary of Case Study 1 
 A comprehensive study of the aerodynamic performance of the FIFA 2010 
World Cup football is reported (Ball 4); including Reynolds sensitivity effects, 
low spin rate orientation (knuckle) effects, and Magnus effects. 
 
 Results for the 2010 ball (Ball 4) are compared with the 2006 World Cup ball 
(Ball 2), a conventional 32 panel ball (Ball 1) and an eight panel ball 
representing the 2010 ball without aerodynamic modifications (Ball 3). 
 
 
 Ball 4 has shown to have a higher post critical drag coefficient than other balls, 
a similar sub-critical drag coefficient and a relatively rapid transition. 
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 Ball 4 has shown to have low overall RMS deviation and the inclusion of the 
surface features are shown to improve this characteristic. Ball 4 produced a 
favourable aerodynamic response based on a low simulated RMS deviation in 
combination with the number of macro inflections that occurred. 
  
 It is possible to improve the in-flight lateral stability by reducing the seam 
dimensions, resulting in lower lateral forces experienced. However, care needs 
to be taken as a reduction in seam dimensions reduces the amount of 
roughness affecting other areas including the drag response and high rotational 
effects. 
 
 The high spinning behaviour of Ball 3 tended towards that of a smooth sphere 
due to the reduction in surface features. The addition of surface features (aero-
grooves) from the design of Ball 3 to Ball 4 produced a spin performance 
similar to other established football designs. 
 
7.5. Case Study 2: The 2012 UEFA European Championship Football 
Following the development and completion of the 2010 FIFA World Cup football, 
work continued on the 2012 UEFA European Championship football design. The 
principle aim for the 2012 UEFA European Championship football was to develop a 
high speed football increasing the speed of the game, especially while the ball was in 
flight, while maintaining the necessary control from the players as commonly 
expected. The focus was to investigate the effects on flight by reducing the drag 
coefficient of the football for game relevant velocities of 10m.s
-1
 to 35m.s
-1
 (1.57x10
5 
< Re < 5.5x10
5
); specifically the point at which transitions occurs, while not 
compromising on the lateral stability. With improved manufacturing control of the 
simulated seams (aero-grooves) it was possible to further increase the surface features 
and hence surface roughness on the outer surface, varying the dimensions of these 
features, with the aim to encourage earlier transition resulting in a lower than average 
drag coefficient for game relevant conditions. Traditionally, footballs used for each 
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UEFA European Championships have been based on a similar core design to the ball 
used in the most recent World Cup (2 years previous). This was observed for the 2006 
World Cup (Teamgeist) and 2008 UEFA European Championship football (Europass). 
Both consisted of a 14 panel thermally bonded panel arrangement. The Europass 
differed from the Teamgeist with the addition of a micro surface texture that was to 
improve the transitional properties of the ball, improving the convergence of 
performance between wet and dry conditions. The 2012 UEFA European 
Championship was also based on similar principles consisting of an 8 panel 
arrangement as used in the 2010 World Cup football. To achieve the design brief of 
reducing the drag coefficient, five prototypes were established. These varied in the 
application of surface features by using the aero-grooves.  Prototype ODT S (Figure 7-
12) was equivalent to the 2010 FIFA World Cup football without the micro surface 
texture. The other four prototypes had an equivalent Octec seam design, with a 
variation in the aero-grooves located on the delta panel. The rounded continuous aero-
groove on the delta panel for prototype ODT S was replaced with 3 additional aero-
grooves similar to the tripod panel for the other 4 prototypes called a Tango design.  
Arches 3 and 4 were of equivalent design but varied in seam dimensions from 2x1mm 
to 1x0.5mm respectively. Arches 5 incorporated extra aero-grooves of 0.5x0.5mm 
dimensions and Arches 6 was of equivalent design with extra aero-grooves of 2x1mm. 
The Octec design was achieved by the 8 panel arrangement shown in Figure 7-12 
where panels are illustrated by the red lines labelled Seams. Tango surface features 
were achieved by the aero-grooves coloured blue and extra aero-grooves defined by 
the green lines. Table 7-2 provides an overview of the prototype designs investigated. 
          
Name Seams (mm) Aero-Grooves (AG) Extra AG Description 
ODT S 2x1 2x1 N/A Octec Delta Tango (ODT) 
Arches 3 2x1 2x1 N/A Octec Tango (OT) 
Arches 4 1x0.5 2x1 N/A OT  
Arches 5 1x0.5 2x1 0.5x0.5 OT 
Arches 6 1x0.5 2x1 2x1 OT 
 
Table 7-2: 2012 prototypes designs Arches and ODT S configurations of seam and aero-grooves dimensions 
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Figure 7-12: Octec Tango Delta smooth (ODT S) and Octec Tango design with surface aero-grooves (Arches 3) 
 
The designs of the prototypes used in this case study were based on the premise that 
an increase in surface roughness would encourage a premature transition compared to 
a smooth design, while the Octec design with additional surface features has been 
established as producing a high level of lateral stability in-flight based on the finding 
of Case Study 1. 
7.5.1. Static Results 
The Reynolds number sensitivity measurements for each prototype are shown in 
Figure 7-13. All prototype designs showed a significant difference compared to 
Achenbach‟s (1972) smooth sphere, indicating the applied roughness through the 
seam and aero-groove arrangements contribute to the boundary layer behaviour 
encouraging earlier transition. Prototypes, ODT S, Arches 3, 4 and 5 showed similar 
characteristics with subtle differences through transition and post critical drag, while 
Arches 6 had a unique drag force coefficient profile. The sub-critical drag coefficients 
were similar for prototypes Arches 3, 4 and 5. Arches 6 transitioned with a minimum 
drag coefficient of approximately 0.1 at a Reynolds number of 1.8x10
5
. In contrast the 
other prototype designs produced a similar minimum drag force coefficient; however, 
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these occurred at a Reynolds number of approximately 2.8x10
5
. This occurred due to 
2x1mm extra aero-grooves that generated a rapid increase in volume of surface 
features from prototypes Arches 5 to 6. Arches 6 showed an increase in drag 
coefficient post transition moving into the super and trans-critical regime. This 
response correlated well with published data from Achenbach (1974) on rough 
spheres, which also produced an increase in these regimes with an increase in relative 
roughness. 
 
Figure 7-13: CD against Reynolds number for the Arches prototypes, ODT S prototype and smooth sphere (behind 
mount at 0o orientation)  
 
Figure 7-14 show the orientation sensitivities obtained for the Arches and ODT S 
prototypes. Similar peak lateral force coefficients were observed between prototypes 
Arches 3 and ODT S in Figure 7-14 (a), however these occurred at different yaw 
orientations. This difference can be explained by the subtle positional changes of the 
Tango aero-grooves (Figure 7-12). Both designs showed good symmetry with average 
lateral force coefficients of -0.0179 and 0.0076 for Arches 3 and ODT S respectively. 
Minimal variations in lateral coefficients were observed between prototypes ODT S 
and Arches 3. Peak lateral coefficients occur at different yaw orientations that resulted 
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from the different aero-groove design on the delta panel. Figure 7-14 (b) represents 
prototypes Arches 3 and 4 which show good correlation with peak lateral force 
coefficients occurring at similar yaw orientations, because the fundamental aero-
grooves are equivalent and only vary in dimensions. It can be seen that Arches 4 
through the yaw orientations measured, produced slightly lower peak lateral force 
coefficients, which resulted from the reduction of the seam dimensions from 2x1mm 
to 1x0.5mm. Arches 4 showed good symmetry producing an average lateral force 
coefficient of -0.0171. 
(a)                                                                     (b) 
   
Figure 7-14: (a) CY against yaw angle of prototypes ODTS and Arches 3, (b) CY against yaw angle of prototypes 
Arches 3 and Arches 4 (below mount at 30m.s-1) 
 
Figure 7-15 (a) shows the lateral force coefficients for Arches 5 and Arches 6. Arches 
6 and Arches 5 produced average lateral force coefficients of 0.0058 and -0.0274 
respectively over a yaw orientation range ±145
o
. Arches 5 appeared to show an 
anomaly in the yaw orientation -40
o
 to 0
o
, not passing through the 0
o
 yaw orientation. 
A visual inspection confirmed a variation in the seam dimensions at the corresponding 
location on the ball‟s surface. This anomaly encouraged an asymmetric behaviour and 
illustrates the implication of quality on manipulating the aerodynamic performance 
and is discussed in Chapter 5. Although it can be seen in Figure 7-13 (a) that an 
increase in surface roughness from Arches 3 to Arches 6 due to the extra aero-grooves 
significantly altered the drag coefficient, the design and increased roughness had a 
minimal effect on lateral coefficients generated, with a high order of wavelength 
repetitions. This is because the extra roughness (2x1mm) helps to stabilise the flow, 
minimising the distances between large roughness elements (2x1mm) and small 
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roughness elements (0.5x0.5mm) seen in Arches 5, reducing the occurrence of rapid 
changes in the boundary layer behaviour from shifting forwards and backwards of the 
dominant seams, deflecting wake resulting in an induced lateral force. 
(a)                                                                       (b) 
 
Figure 7-15: (a) CY against yaw angle of prototypes Arches 5 and Arches 6, (b) CY against yaw angle of prototypes 
Arches 3 and Arches 6 (below mount at 30m.s-1) 
 
Figure 7-15 (b) shows the results of the comparison between Arches 3 and Arches 6 
prototypes. Clear differences occurred in the drag performance between the two 
designs shown in Figure 7-13. However, small variations occurred in the peak lateral 
force coefficient generated. The increased surface features, hence increased surface 
roughness, alter the transition and separation locations resulting in a variation of when 
the peak lateral coefficient occurred.  
7.5.2. Ball Characterisation 
Data recorded from wind tunnel measurements shown in Figures 7-14 and 7-15 for the 
lateral and drag force coefficients, were implemented through the mathematical flight 
model and the ball characterisation results are shown in Figures 7-16 to 7-19. 
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Figure 7-16: Simulated flight model results of the average RMS deviation for 500 kicks with ±1 standard deviation 
(red line) for the Arches prototypes and ODT S prototype 
 
Prototype Arches 5 produced a significantly higher average simulated RMS deviation 
of 0.569m than prototypes ODT S 0.251m (p < 0.001), Arches 3 0.381m (p < 0.001), 
Arches 4 0.311m (p < 0.001) and Arches 6 0.358m (p < 0.001). Prototypes ODT S 
produced a significantly lower RMS deviation than Arches 3, 5 and 6 (p < 0.001) and 
Arches 4 (p< 0.05). Arches 3 produced a significantly lower RMS deviation than 
Arches 4 (p < 0.001), however; there was no significance in the RMS deviation 
between Prototypes Arches 3 and 6. A significant difference in RMS deviation was 
observed between prototypes Arches 4 and 6 (p < 0.05), Figure 7-16. 
Representations of the total number of inflections that occurred in the 500 simulated 
trajectories for each prototype are shown in Figure 7-17 and 7-18. 
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(a)                                                                (b) 
 
Figure 7-17: (a) Flight model simulated results of the percentage of flights against the number of inflections that 
occurred within a flight for the ODT S prototype , (b) Flight model simulated results of the percentage of flights 
against the number of inflections that occurred within a flight for the Arches 3 prototype 
Prototype ODT S produced a large percentage of trajectories with a single inflection 
with approximately 32% described as having micro inflections, Figure 7-17 (a). 
Approximately 18% of trajectories from the original 500 produced macro inflections, 
with a low percentage of trajectories (<3%) produced by 3 and 4 inflections. In 
summary, a small percentage of trajectories produced for the ODT S prototype had 
macro inflections, suggesting stable flight characteristics. The shape profile of Arches 
3 (Figure 7-17 (b)) showed similarities to prototype ODT S (Figure 7-17 (a)). 
Approximately 24% of trajectories show macro inflections, a 6% increase on the ODT 
S prototype. A gradual reduction in number of inflections occurred with an increase in 
the order of inflections. Approximately 43% trajectories had no inflections. 
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(a)                                                                 (b) 
 
(c) 
 
Figure 7-18: (a) Flight model simulated results of the percentage of flights against the number of inflections that 
occurred within a flight for the Arches 4 prototype , (b) Flight model simulated results of the percentage of flights 
against the number of inflections that occurred within a flight for the Arches 5 prototype, (c) Flight model 
simulated results of the percentage of flights against the number of inflections that occurred within a flight for the 
Arches 6 prototype 
Approximately 17% of trajectories had macro inflections. A Similar number of 
trajectories occurred that had 0, 1 and 2 inflections, Figure 7-18 (a). A low number of 
macro inflections occurred for trajectories that had 3 or more inflections during the 
flight. This was a desirable effect suggesting minimal unpredictable lateral deviation. 
Approximately 30% of the trajectories for prototype Arches 5 (Figure 7-18 (b)) have 
macro inflections, with the majority occurring with 1 or 2 inflections. A similar 
number of macro inflections occurred for 3 and 4 inflections compared to the other 
prototypes examined. In Figure 7-18 (c) a similar percentage of macro inflections 
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(16%) occurred for prototype Arches 6 compared to Arches 3 and over 50% of 
trajectories had no inflections.  
 
Figure 7-19: Overall ball characterisation summary for the Arches prototypes and ODT S prototype for the number 
of inflections (excluding Micro inflections) that occurred and the RMS deviation parameter 
Variations in the number of micro and macro inflections occurred for all the 
prototypes examined. Grouping these results as shown in Figure 7-19 assists in further 
analysis through direct comparison, including the simulated RMS deviation magnitude 
per prototype. Prototype Arches 6 with the greatest roughness showed the highest 
percentage of trajectories with no inflections. Fewer macro inflections with 1, 2 and 3 
inflections were observed compared to prototype Arches 5 and a significantly lower 
simulated RMS deviation. All prototypes showed a similar trend with the main 
differences occurring for 0 inflections and the simulated RMS deviation. Prototype 
Arches 5 appeared to show discontinuity in contrast to the other prototypes. It can be 
seen in Figure 7-15 (a) an anomaly occurs between the yaw orientation -40
o
 to 10
o
 due 
to quality imperfection in the surface feature, encouraging an asymmetric flow 
behaviour resulting in increased simulated RMS deviation and macro inflections.  
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7.5.3. Summary of Case Study 2 
Novel manufacturing techniques have lead to innovative football designs, utilising 
curved panels, thermal bonded and surface features such as aero-grooves. These can 
be applied to tailor the aerodynamic response of balls, depending on the users need. 
However, care needs to be taken as little is currently known about the implications of 
these modifications on ball performance.  
The principle for the design of the 2010 FIFA World Cup football was to improve 
lateral stability compared to previous World Cup design (Ball 2), specifically for use 
in free kicks. Through a robust development process and coupled with the commercial 
partner‟s design brief, Ball 4 was selected as the best compromise. Minimal effect on 
Reynolds number sensitivity was achieved by Ball 4, while increased lateral stability 
was observed based on it producing the lowest simulated RMS deviation compared to 
the other ball designs.   
The main focus for the 2012 football development was to alter the drag performance 
over game relevant conditions through the application of surface features. Prototypes 
Arches 3 through 6 possessed similar designs with changes in the dimensions of the 
surface texture applied. Similar trends in Reynolds sensitivity were observed for ODT 
S and Arches 3, 4 and 5, however, Arches 6 produced a significantly varied drag 
profile with transition occurring more prematurely than the other prototypes. Subtle 
imperfections through asymmetric surface roughness definition (Arches 5) encouraged 
lateral instabilities producing large simulated RMS deviations. 
Results have shown that applying surface roughness in the form of seam and aero-
grooves alters the drag response and lateral stability. Both components need to be 
considered in order to produce a favourable aerodynamic response for major 
tournaments to ensure consistency reducing the occurrence of unpredictable flight 
characteristics. Work is still ongoing for the development of the 2012 football design. 
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7.6. Summary 
 In this chapter two case studies were discussed that investigated aspects of the 
design and development processes carried out for the development undertaken 
for the FIFA 2010 World Cup and the 2012 UEFA European Championship 
footballs. Each case study and corresponding football design had a unique set 
of tailored criteria used to establish the in-flight performance.  
 
 The main focus of Case Study 1 was to improve the in-flight lateral stability 
compared to previous football designs. This was based on an Octec 8 panel 
arrangement with the addition of artificial seams used to simulate the 
behaviour of standard seams. These aero-grooves were strategically positioned 
to balance the flow around the ball acting to encourage a symmetrical 
behaviour for multiple orientations. 
 
 A significant reduction in simulated RMS lateral deviations was achieved 
between the previous 2006 WC ball and the proposed design for the 2010 
FIFA World Cup footballs from 0.51m to 0.18m respectively. This illustrated 
the 2010 design showed a significant increase in lateral stability. 
 
 The results have indicated that while a football design with fewer seams that 
tends towards a smooth sphere produces a favourable lateral stability, other 
areas are also influenced that can provide a less desirable effect. This occurs in 
the drag response producing a higher average post critical drag and also 
influences the spinning effects of the ball. 
 
 The introduction of roughness elements between prototypes Arches 3 and 
Arches 6 demonstrated a variation in critical Reynolds number of 2.8x10
5
 and 
1.8x10
5
 respectively. 
 
 A compromise is required to find a balance between seam densities, 
distribution and dimensions in order to achieve a desirable overall 
aerodynamic and in-flight performance. Reducing the seam length increases 
the lateral stability but influences the spinning characteristics of the ball. This 
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encourages a reverse Magnus effect at low spin rates and smaller Magnus 
force at higher spin rates. 
 
 Increasing seam length through the implementation of novel simulated seams 
has proven successful at increasing the in-flight lateral stability of the ball. 
 Manufacturing methods have been discussed with particular attention made 
towards the novel technologies implemented into modern football designs. 
These features have achieved an increase in seam density which has proved 
successful at increasing the in-flight lateral stability of the ball.
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8.0 Chapter 8: Conclusions and Further Work 
This chapter draws together the principle findings identified at the end of each chapter 
and summarises the body of research forming the basis of this thesis. One clear theme 
that emerged was that although the flight of a football may be undesirable with 
engineering and mathematical applications it is predictable. The challenge was to 
accurately capture the important aspects of the flight that resulted in significantly 
altering the flight trajectory. This research has clearly shown that seams and other 
relevant surface features influenced the flight of a football. Through an improved 
understanding of these features it is possible to better predict the overall in-flight 
behaviour of different football designs permitting an appropriate ranking of 
performance.  
The methodology trail of this research culminating in this thesis was analogous to the 
flight of the ball. Starting with a particular orientation in mind, deviations occurred 
that resulted in a unique end position. Wind tunnel techniques were enlisted to 
accurately capture the forces from experiments that utilised the Reynolds number, 
orientation and spinning sensitivities. Through the implementation of a mathematical 
flight model it has been possible to represent the measured forces in terms of 
trajectories to determine improved analysis techniques. 
 
8.1. In-Flight Characterisation 
The principle theme of this thesis was achieved through establishing novel 
characterisation analysis techniques to identify the in-flight performance of footballs. 
It has been established that to capture the essence of a football in-flight through a 
single trajectory is insufficient. The lateral behaviour of a football is dependent on the 
seam configuration and its orientation relative to the flow direction. Subtle changes in 
orientation throughout the flight due to slow rotating parameters induce varying lateral 
forces experienced. These can vary in magnitude and direction, which results in a 
change in direction of the football during flight. To quantitatively analyse and 
characterise the in-flight performance of various football designs, deviation and shape 
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parameters were implemented in combination with multiple kicking scenarios. Four 
deviation parameters, RMS, end, max and residual RMS were established to quantify 
the lateral deviations that occurred. Cross Correlation and Principle Component 
Analysis indicated that the RMS deviation was the most significant parameter that 
defined and characterised the lateral deviation performance of the different ball types. 
The autocorrelation function was effective at identifying by what extent the shape of a 
gradient changed through the flight, which is directly linked with how much a ball 
changes direction. The macro and micro inflection definitions based on a high 
correlation of greater than 0.7 indicated the severity of the gradient changes in a 
trajectory. 
 
8.2. Surface Roughness 
Limited previous research has been carried out regarding how surface features 
influence the lateral forces generated. Through multiple prototype and production 
football designs, the influence of surface features in terms of their distributions, 
densities and dimensions were examined. Simple prototype designs including a single 
seam and multiple seam arrangement have established that surface features can 
influence the lateral forces generated that are directly linked to the lateral movement 
of a ball in flight. Prototypes based on mathematical models identified the influence of 
seam density on the aerodynamic forces generated. The results indicated that the 
increase in seam density encouraged a premature boundary layer transition; however 
this resulted in an increase in the lateral deviation experienced. The increase in seam 
density amplified the lateral coefficient measured during orientation measurement but 
produced an equivalent wavelength repetition compared to the other prototype with 
fewer seams. This indicated that the fundamental design was sufficiently dominant to 
influence the lateral coefficients relative to orientation changes.  
A review of the application of roughness to sports balls showed that this is used to 
assist the ball‟s in-flight performance to achieve expected outcomes of that particular 
sport. Surface features applied to golf balls assisted the ball to travel further, however, 
in the case of tennis, cricket, baseball and football these were not initially applied for 
aerodynamic purposes just an accident of the manufacturing processes. Understanding 
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of how these features influence the in-flight performance is underdeveloped and 
worthy of further research. The lack of regulation of football designs and construction 
may lead to undesirable flight performance, affecting the game that is known today.  
Surface roughness has been characterised in the context of footballs as seams (Macro 
textures) and surface texture (Micro textures). Their influence on lateral forces was 
shown to be dependent on their dimensions and geometry. The surface features 
amplified the lateral coefficients generated, leading to an increase in lateral 
movement. Non-dimensional roughness measures including relative roughness, 
roughness ratios and shape parameters were developed to characterise the surface 
features of the outer surface of footballs. 
Relative roughness is a useful simple measure of roughness however it is limited 
because it does not distinguish between surface roughness elements that differ in 
dimensions on the same surface. This is because it is solely determined from the ratio 
of the maximum roughness height and the sphere diameter. The roughness ratio can be 
used to achieve this because it takes into account the summation of the roughness 
elements, but equally there are limitations because it does not identify the difference 
between features that have different geometry. The non-dimensional shape parameter, 
skewness, was used to assess the cross-section of the roughness profile and using 
multiple samples provided a robust measure of how roughness differs between 
designs. Although in theory the relationship is capable of distinguishing between 
recessed and protruding features by means of a positive or negative skewness value, 
this was not consistent for all prototypes tested. This was because of the nature of 
roughness elements that used a combination of recessed seams and protruding surface 
texture. The magnitude of the skewness value was heavily influenced by the 
underlying seam configuration masking the surface texture influences. The results 
indicated an increase in skewness parameter through an increase in roughness 
elements produced a less desirable in-flight performance, leading to the conclusion 
that the application of surface roughness can encourage an asymmetric behaviour. 
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8.3. Influence of Quality  
An additional aim of this thesis was to establish whether aerodynamic standards are 
required to improve the homogeneity of the in-flight performance of footballs. It has 
been identified through testing and analysis that surface features influence the 
aerodynamic contributions, with the principal focus on the lateral force component.  
The influence of how quality imperfections impact on the in-flight performance has 
been a clear outcome and the influences of the quality of design and quality of 
conformance have been identified. Quality of design is essential to ensure that the 
fundamental design produces an acceptable aerodynamic performance. The quality of 
conformances relates to how closely the finished component was to the design, in this 
case, specifically manufacturing variations. Both parameters of quality are required to 
act as initial steps for the purpose of designing and developing future aerodynamic 
standards. Ultimately a compromise must be made between the features manufacturers 
want to use to promote the ball based on aesthetic appeal and how the designs 
influence the aerodynamic capabilities. This thesis has provided a good platform to 
develop standardisation tools required to establish criteria for the assessment of in-
flight behaviour of footballs.  
The research undertaken also enabled the knowledge obtained through the 
experimental methods and analysis techniques to be used in the design for the 2010 
FIFA World Cup football. This ball possessed improved lateral stability compared to 
previous World Cup footballs and has achieved the most highest sales of any football 
to date (2010 – 2011). 
 
8.4. Recommendations for Further Work  
The completed work has identified four main areas for additional research. These will 
improve the robustness of assessing the overall in-flight performance of footballs with 
different seam configurations.  
Intuitively an ideal trajectory will have low deviation parameters and no inflections.  
Applying significance to the deviation and shape parameters is required in order to 
optimise the characterisation techniques proposed. An „ideal‟ in-flight behaviour was 
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not attainable from the trials conducted to date and therefore, quantitative and 
qualitative data is needed through extensive player trials to extend this work. This will 
provide the functionality to apply significance to the deviations and shape parameters 
obtained, allowing for an improved robust measure of in-flight performance.  
An improved measure of defining roughness is required to be able to predict the in-
flight performance of football configuration and as yet there is limited experimental 
testing. Further investigation through an in-depth study measuring the local effects of 
seams on the flow behaviour and how the boundary layer mechanisms are influenced 
by specific surface roughness elements would identify in more detail the nature of 
transition and local separation of the boundary layer. Techniques such as Particle 
Imagery Velocimetry (PIV) and Laser Doppler Anemometry (LDA) would enable the 
capture of time-averaged measurements of seeded flow and provide quantitative 
measures of how roughness elements influence the flow mechanics. 
Improved techniques for capturing sufficient data of initial and on-going flight 
conditions from experimental kicking trials are required to extract relevant kicking 
parameters to improve the validation of mathematical models used. These should be 
validated through perception data from extensive player trials. 
The development of quality standards for assessing the in-flight performance of 
football designs would lead to the ideal trajectory being standard with low deviation 
parameters and no inflections. This will ensure consistent in-flight performance and 
quash the myth that the flight of a ball is unpredictable.
                                                                                                                References  
 
 
214 
 
9.0 References  
 
Abbott, L. (1955). Quality and competition. New York: Columbia University Press. 
 
Achenbach, E. (1972). Experiments on the flow past spheres at very high Reynolds 
numbers.  Journal of Fluid Mechanics, Vol. 54, pp 565-575. 
 
Achenbach, E. (1974). Vortex shedding from spheres. Journal of Fluid Mechanics, 
Vol. 62, pp 209-221. 
 
Achenbach, E. (1974). The effects of surface roughness and tunnel blockage on the 
flow past spheres.  Journal of Fluid Mechanics, Vol. 65, pp 113-125. 
 
Adair, R. K. (2002) The physics of baseball, New York, Harper and Row. 
 
Alam, F.; Watkins, S.; Subic, A. (2004). The aerodynamic force on a series of tennis 
balls.  15th Australasian Fluid Mechanics Conference, 13-17 December. 
 
Alaways, L. W. (1998). Aerodynamics of the curve ball: an investigation of the effect 
of angular velocity on baseball trajectories. PhD. Thesis, University of California, 
Davis, USA. 
 
Alaways, L. W.; Hubbard, M. (2001). Experimental determination of baseball spin 
and lift. Journal of Sports Sciences, Vol. 19, pp 349-358. 
 
Altitude, (2010). Altitude sickness [online]. Available at: 
<http://www.altitude.org/altitude_sickness.php> [Accessed May, 2010]. 
 
Aoki, K.; Kinoshita, Y.; Hirota, E.; Nagase, J; Nakayama, Y. (2002). The surface 
structure and aerodynamics of baseballs. In Ujihashi, S. & Haake, S. J. (Eds.) ISEA 
4th Engineering of Sport Conference. Kyoto, Japan, Vol. 1, pp 283-289. 
 
                                                                                                                References  
 
 
215 
 
Aoki, K.; Nonaka, M. (2003). Effect of dimple number on the flying characteristics 
and flow pattern of golf ball. Engineering of Sport 4, Vol. 1, pp 330-336. 
 
Asai, T.; and Akatsuka, T. (1998), Computer simulation of curve ball kicking in 
soccer. In: The Engineering of Sport: Proceedings of the 2
nd 
International Conference 
on the Engineering of Sport (edited by S. J. Haake), Vol. 1, pp 433-440. 
 
Asai, T.; Seo, K.; Kobayashi, O.; Ajiki, M.; Shiozawa, S. (2005). A fundamental 
study on aerodynamics of soccer ball. Proceedings of 83rd Japan Society of 
Mechanical Engineering Conference (Fluid engineering division). 
 
Barber, S.; Seo, S.; Asai, T.; Carré, M. J. (2007). Experimental investigation of the 
effects of surface geometry on the flight of a non-spinning soccer ball. Asia- Pacific 
Congress on Sports Technology. Singapore. 
 
Barkla, H. M.; Auchterlonie, L. J. (1971). „The Magnus or Robins effect on rotating 
spheres‟, Journal of Fluid Mechanics, Vol.47, pp. 437-447. 
 
Barton, N.G. (1982). On the swing of a Cricket Ball in flight, Proc. R. Soc. London 
Ser A Vol. 379, pp 109-31. 
 
Bentley, K.; Varty, P.; Proudlove, M.; Mehta, R. D. (1982). An experimental study 
of cricket ball swing. Imperial College Aero Tech. Note. 
 
Bearman, P.W.; Harvey, J.K. (1976). Golf ball aerodynamics.  Aeronautical 
Quarterly, Vol. 27, pp 112-122. 
 
Bray, K.; Kerwin, D.G. (2003). Modelling the flight of a soccer ball in a direct free 
kick. Journal of Sport Sciences, Vol. 21, pp 77-85. 
 
Briggs, J.L. (1959). Effect of spin and speed in the lateral deflection of a baseball. 
American Journal of Physics, Vol. 27, pp 589-596. 
                                                                                                                References  
 
 
216 
 
 
Carré, M. J.; Asai, T.; Akatsuka, T.; Haake, S. J. (2002). The curve kick of a 
football 2: flight through the air. Sports Engineering, 5, Vol. 1, pp 183-192. 
 
Carré, M. J.; Goodwill, S. R.; Haake, S. J. (2005). Understanding the effect of 
seams on the aerodynamics of an association football. Journal of Mechanical 
Engineering Science, Vol. 219, pp 657-666. 
 
Chadwick, S. G.; Haake, S. J. (2000a). The drag coefficients of tennis balls. In 
Subic, A. & Haake, S. J. (Eds.) ISEA 3rd Engineering of Sport Conference. 
Sydney, Australia, Vol. 1, pp169-176. 
 
Choi, J.; Jeon, W.; Choi, H. (2006). Mechanism of drag reduction by dimples on a 
sphere.  Physics of Fluids, Vol.18, pp 041702 – 1/4. 
 
Cotton, R.T. (2008). Soccer ball surface interactions, Doctor of Philosophy 
(Restricted), edn, Loughborough University. 
 
Daish, C.B. (1972). The Physics of Ball Games. London: English Universities Press. 
 
Davies, J.M. (1949). The aerodynamics of golf balls.  Journal of Applied Physics, 
Vol. 20, pp 821-828. 
 
de Mestre, N. (1990). The Mathematics of Projectiles in Sport. Cambridge: 
Cambridge University Press. 
 
DM Stat-1, (Unknown date). The Correlation Coefficient: Definition [online]. 
Available at: < http://www.dmstat1.com/res/TheCorrelationCoefficientDefined.html> 
[Accessed February, 2011]. 
 
Everitt, S. B.; Dunn, G. (1991). Applied multivariate data analysis. Cambridge: 
Arnold. 
 
                                                                                                                References  
 
 
217 
 
Eykhoff, P. (1974). System Identification: Parameter and state estimation. Wiley, 
New York. 
 
Feigenbaum, A. V. (1951). Quality control: Principles, practice, and administration. 
New York: McGraw-Hill. 
 
FIFA, (Unknown date). The history of football [online]. Available at: 
<http://www.FIFA.com/classicfootball/history/game/historygame1.html> [Accessed 
June, 2008]. 
 
FIFA, (Unknown date). FIFA quality concept for footballs [online]. Available at: < 
http://footballs.FIFA.com/content/view/full/63> [Accessed June, 2010]. 
 
FIFA, (2007). FIFA Big Count 2006 [online]. Available at: 
<http://www.FIFA.com/aboutFIFA/media/newsid=529882.html> [Accessed June, 
2008]. 
 
FIFA, (2008). Ex-Co upholds altitude decision, welcomes positive steps [online]. 
Available at: <http://www.FIFA.com/aboutFIFA/federation/bodies/media/newsid 
=713561.html> [Accessed May, 2009]. 
 
Football Network, (2003). Origins of football [online]. Available at: 
<http://www.footballnetwork.org/dev/historyoffootball/history.asp> [Accessed 
October, 2007]. 
 
Fuchs, P. M. (1991a). Physical model, theoretical aspects and applications of the 
flight of a ball in the atmosphere. Part 1: Modelling of forces and torque, and 
theoretical prospects. Mathematical Methods in the Applied Sciences, Vol. 14, pp 
447-460. 
 
Fuchs, P. M. (1991b). Physical model, theoretical aspects and applications of the 
flight of a ball in the atmosphere. Part 2: Theoretical aspects in the case of vertical 
                                                                                                                References  
 
 
218 
 
angular frequency and applications. Mathematical Methods in the Applied Sciences, 
Vol. 14, pp 461-481. 
 
Fuchs, P. M. (1995). Physical model, theoretical aspects and applications of flight of 
a ball in the atmosphere. Part 3: Theory in the case of vertical angular frequency and 
in the general spin-case. Mathematical Methods in the Applied Sciences, Vol. 18, pp 
201-220. 
 
Gilmore, H. L. (1974). Product conformance cost. Quality progress, Vol. 7, pp 16-19. 
 
Goodwill, S. R.; Chin, S. B.; Haake, S. J. (2004). Aerodynamics of spinning and 
non-spinning tennis balls. Journal of Wind Engineering and Industrial Aerodynamics, 
Vol. 92, pp 935-958. 
 
Goodwill, S. R.; Haake, S. J. (2004). Aerodynamics of tennis balls - effect of wear. 
In Hubbard, M., Mehta, R. D. & Pallis, J. M. (Eds.) ISEA 5th Engineering of Sport 
Conference. Davis, California. 
 
Griffiths, I.; Evans, C. J.; Griffiths, N. (2005). Tracking the flight of a spinning ball 
in three dimensions. Measurement science and technology, Vol. 16, pp 1065-2056. 
 
Groenroos, C. (1983). Strategic management and marketing in the service sector. 
Cambridge, MA: Marketing Science Institute. 
 
Crosby, P. (1979). Quality is free: the art of making quality certain. New York: 
McGraw-Hill. 
 
Haake, S. J.; Carré, M. J. & Goodwill, S. R. (2007). A new measure of roughness 
for defining the aerodynamic performance of sports balls. Proceedings of IMechE, 
Part C, Vol 221, pp 789-806. 
 
Harvey, L.; Green, D. (1993). Defining Quality. Assessment and Evaluation in 
Higher Education. Vol. 18, pp 9-34. 
                                                                                                                References  
 
 
219 
 
 
Hopkins, R. (1995). System Identification for Crash Victim Simulation, Doctor of 
Philosophy  edn Loughborough University. 
 
Hong, S.; Chung, C.; Nakayama, M.; Asai, T. (2010). Unsteady Aerodynamic 
Force on a Knuckleball in Soccer. ISEA 8
th
 Engineering of Sport Conference. Vienna, 
Austria. pp 2455-2460. 
 
Hörzer, S.; Fuchsa, C.; Gastingera, R.; Saboa, A.; Mehnenb, L.; Martinekb, J.; 
Reichel, M. (2010). Simulation of spinning soccer ball trajectories influenced by 
altitude. ISEA 8
th
 Engineering of Sport Conference. Vienna, Austria. pp 2461-2466. 
 
Howe, M. S.; Lauchle, G. C.; Wand, J. (2001). Aerodynamic lift and drag 
fluctuations of a sphere. Journal of Fluid Mechanics, Vol. 436, pp 41-57. 
 
Johl, G.; Passmore, M.A.; Render, P. (2003). The Design Methodology of an In-
draft Wind Tunnel, The Aeronautical Journal, pp 465-473. 
 
Juran, J. M. (1951). Quality control handbook. New York: McGraw-Hill. 
 
Juran, J. M.; Gryna, F. M., Jr. (Eds.). (1988). Juran's quality control handbook (4th 
ed.). New York: McGraw-Hill. 
 
Juran, J. M.; Gryna, F. M., Jr.; Bingham, R. S. (Eds.). (1974). Quality control 
handbook. (3rd. ed.) New York: McGraw-Hill. 
 
Kim, K. J.; Durbin, P. A. (1988). Observation on the frequencies in a sphere wake 
and drag increase by acoustic excitation.  Physics of Fluids, Vol. 31, pp 3260-3265. 
 
Levitt, T. (1972). Production-line approach to service. Harvard Business Review, 
Vol. 50, pp 41-52. 
 
                                                                                                                References  
 
 
220 
 
Maccoll, J. W. (1928). Aerodynamics of a spinning sphere. Journal of the Royal 
Aeronautical Society, Vol. 32, pp 777-798. 
 
Massey, B. (1998). Mechanics of Fluids (Seventh Ed), Cheltenham, UK. 
 
Maxworthy, T. (1969). Experiments on the flow around a sphere at high Re. 
Transactions of the ASME, Journal of Applied Mechanics, pp 598-607. 
 
Mehta, R. D. (1985). Aerodynamics of sports balls. Annual Review of Fluid 
Mechanics, Vol. 17, pp 151-189. 
 
Montgomery, C. D.; Runger, C. G. (2003). Applied statistics and probability for 
engineers. (3rd. ed.) New York: Wiley. 
 
Neilson, P. J. (2003). The dynamic testing of soccer balls, Doctor of Philosophy, edn, 
Loughborough University, Loughborough University. 
 
Neilson, P.J.; Jones, R. (2003). An exact method for the sphericity measurement of 
soccer balls, Proceedings of the Institution of Mechanical Engineers, Part B: Journal 
of Engineering Manufacturing, Vol. 217, pp 715 – 719. 
 
Newton, I. (1672). New theory of light and colours. Philosophical Transactions of the 
Royal Society, London, Vol. 80, pp 3075-3087. 
 
Parasuraman, A.; Zeithaml, V, A.; Berry, L, L. (1985). A conceptual model of 
service quality and its implications for future research. Journal of Marketing, Vol. 4, 
pp 41-50. 
 
Passmore, M.; Spencer, A.; Tuplin, S.; Jones, R. (2008). Experimental studies of 
the aerodynamics of spinning and stationary footballs. Proceedings of IMechE, Part C. 
Vol. 222, pp 195-205. 
 
                                                                                                                References  
 
 
221 
 
Passmore, M.; Rogers, D.; Tuplin, S.; Harland, A. (2010). The aerodynamic 
performance of a range of FIFA approved footballs: Approved to Proceedings of 
IMechE, Part P – In print. 
 
Prandtl, L. (1904). Ueber Flussigkeitsbewegung bei sehr kleiner Reibung. In Leipzig 
(Ed.) 3rd International Mathematical Congress. Heidelberg. 
 
Price, D. (2005). Advanced Modelling of Soccer Balls, Doctor of Philosophy edn, 
Loughborough University. 
 
Raithbyg, D.; Eckerte, R. (1968). The effect of support position and turbulence 
intensity on the flow near the surface of a sphere. Warme-und Stoffubertragung, Vol. 
1, pp 87-94. 
 
Rayleigh, Lord. (1877). On the Irregular Flight of a Tennis Ball. Messenger of 
Mathematics. Vol. 7, pp 14-16. 
 
Reeves, A. C.; Bednar, A. D. (1994). Defining Quality: Alternatives and 
Implications. The Academy of Management Review, Vol. 19, pp 419-445. 
 
Rogers, D.; Passmore, M.; Harland, A.; Jones, R.; Holmes, C.; Lucas, T. (2010). 
An Experimental Validation Method of Wind Tunnel Measurements on FIFA 
Approved  footballs Using Kicking Tests in Wind-Free Conditions. ISEA 8
th
 
Engineering of Sport Conference. Vienna, Austria. pp 2481-2486. 
 
Sakamoto, H.; Haniu, H. (1990). A study on vortex shedding from a sphere in a 
uniform flow.  ASME I Journal of Fluid Engineering, Vol. 112, pp 386-392. 
 
Sayers, A. T. (2002). Experimental modelling of the flow around a cricket ball-
reverse swing. 1st International Conference on Heat Transfer, Fluid Mechanics and 
Thermodynamics. 
 
                                                                                                                References  
 
 
222 
 
Sayers, A. T.; Pambuka, Z.; Madikoane, M. (2002). Aerodynamics of a cricket ball 
- the phenomenon of reverse swing. In Ujihashi, S. & Haake, S. J. (Eds.) SEA 4th 
Engineering of Sport Conference. Kyoto, Japan. 
 
Seo, K.; Kobayashi, O. ; Asai, T. (2004). Oil flow experiment on a soccer ball. 
Journal of the Visualization Society of Japan, Vol. 24, pp 104-108. 
 
Shewhart, W. A. (1931). Economic control of quality of manufactured product. New 
York: Van Nostrand. 
 
SoccerBallWorld. (2005). The History of the Soccer Ball [online]. Available at: 
<http://www.soccerballworld.com/History.htm> [Accessed September, 2007]. 
 
SoccerBallWorld. (unknown date). Official World Cup Final Match Ball Teamgeist 
Soccer Ball [online]. Available at: <http://www.soccerballworld.com/Teamgeist.htm> 
[Accessed February, 2008]. 
 
SoccerBallWorld. (unknown date). Mitre ISO Final Football [online]. Available at: 
<http://www.soccerballworld.com/Developments.htm#mitre> [Accessed February, 
2008]. 
 
Spaminato, J.; Felten, N.; Ostafichuk, P.; Brownlie, L. (2004). A test method for 
measuring forces on a full-scale spinning soccer ball in a wind tunnel. Inhubbard, M., 
Mehta, R. D. & Pallis, J. M. (Eds.) ISEA 5th Engineering of Sport Conference. Davis, 
California. 
 
Stepanek, A. (1988). The aerodynamics of tennis balls - the topspin lob. American 
Journal of Physics, Vol. 56, pp 138-142. 
 
Tait, P. G. (1893). On the path of a rotating spherical projectile 1 and 2. Transactions 
of the Royal Society, Vol. 16, pp 491-506. 
 
                                                                                                                References  
 
 
223 
 
Taneda, S. (1978). Visual observation of the flow past a sphere at Reynolds numbers 
of 104 and 106.  Journal of Fluid Mechanics, Vol. 85, pp 187-192. 
 
Taneda, S. (1956). Experimental investigation of the wake behind a sphere at low 
Reynolds numbers.  Journal of the Physical Society of Japan, Vol. 11, pp 1104-1108. 
 
Tavoularis, S. (2005) Measurement in fluid mechanics, Cambridge University Press. 
 
Waaler, H.; Geser, A.; Andersen, S. (1962). The use of mathematical models in the 
study of the epidemiology of tuberculosis. American Journal of Public Health. Vol. 
52, pp 1002-1013. 
 
Watts, R. G.; Ferrer, R. (1987). The lateral force on a spinning sphere.  American 
Journal of Physics, Vol. 55, pp 40-44. 
 
Watts, R.G.; Sawyer, E. (1974). Aerodynamics of a knuckleball.  American Journal 
of Physics, Vol. 43, pp 960-963 
 
Weaver, R. (1976). Comment on "Aerodynamics of knuckleball". American Journal 
of Physics, Vol. 44, pp 1251. 
 
Wheeler, J, D. (2004). Advanced topics in statistical process control. 2
nd
 ed. SPC 
Press. Knoxville, Tennessee. 
 
Whitehouse, D. J. (1994). Handbook of Surface Metrology, Institute of Physics 
Publishing, Bristol, UK. 
Appendix A 
 
 
224 
 
       
Tests Ball Size 5 Specifications 
  Approved Inspected    
Weight 420 - 445 grams 410 - 450 grams ball pressure: 0.8 bar  
Circumference 68.5 - 69.5 cm 68.0 - 70.0 cm ball pressure: 0.8 bar  
Sphericity maximum 1.5 % maximum 2 % ball pressure: 0.8 bar 
Loss of Pressure 20% 25% ball pressure: 1.0 bar at the start of the test Max loss after 72 
hrs 
Water Absorption Average: weight of the 
tested balls: 10%  
Average: weight of the tested 
balls: 15% 
ball pressure: 0.8 bar 
  tank filled with water 2 cm in depth. 250 compressing downs 
with constant ball rotation, ball deformation maximum 25%  
Maximum: 15% of ball 
weight 
Maximum: not to exceed 20%  
Rebound  at 20°C 135 - 155 cm  125 - 155 cm  ball pressure: 0.8 bar Each ball dropped 10 times on different 
panels from 2m 
Rebound at 5°C Minimum: 125 cm Minimum 115 cm  
 Maximum: 10cm difference 
between lowest and 
highest rebound per ball  
Maximum difference between 
lowest and highest rebound 
per ball : 10 cm 
 
Shape and Size Retention - 
including change of pressure 
  Ball pressure: 0.8 bar 
 Measured after 2,000 
kicks-seams and air-valve 
undamaged  
 Shooting onto a steel panel at approx. 50 km per hour 
(13.89m.s-1) with a shooting length of 2.5 metres, repeated 
2000 times. The seams and valve must remain undamaged. 
  • Increase in circumference maximum 1.5 cm   
  • Deviation on sphericity maximum 1.5%   
  • Change of pressure maximum 0.1 bar     
Table 3: Outline of FIFA requirements for footballs 
Circumference Sphericity Rebound Water Absorption Weight Pressure Loss Shape & Size
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